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Abstract

:

In this study, a method for testing the aging of silicone rubber insulators using terahertz waves in the 0.17–0.22 THz frequency band is proposed, aiming at the problem of online non-destructive testing of the aging degree of composite insulators. The relationship between the aging degree of silicone rubber composite insulators and the relative dielectric constant was studied through first-principles calculations and molecular chain scission models. In addition, the electromagnetic model of the terahertz signal incident on the silicon rubber sheet was simulated and the relationship between the aging degree of the silicon rubber and the terahertz input return loss was obtained. Eleven insulator samples with different degrees of aging were selected. In these samples, the degree of aging was calibrated according to the degree of surface deterioration and the average partial discharge voltage. The terahertz return loss measurement experiment was performed after that. Finally, the results of experiment and calculation simulation were compared and the reliability of the relationship between the aging degree of the silicone rubber insulator and the terahertz input return loss was verified.
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1. Introduction


Silicone rubber composite insulators have excellent pollution flashover resistance, a light weight, and are easy to transport and install. In recent years, these materials have been widely used in insulating high voltage overhead transmission lines and substation equipment [1]. In the meantime, aging induced performance degradation has become a serious problem [2]. Aging decreases the hydrophobicity and pollution resistance of the material, and both problems may lead to accidents, such as insulation breakdown, which seriously threaten power grid operation safety [3,4]. The aging detection of silicone rubber insulators has been an important topic for a long time both at home and abroad. Existing methods such as hydrophobicity detection, insulation resistance detection, and leakage current detection all require the insulator to be disassembled and tested offline, which further requires cumbersome operational protocols, causes a heavy workload, and even increases the risk of breaking the continuity of the power grid system.



In view of the above problems, domestic and foreign scientific researchers have conducted much research on non-contact and non-destructive aging detection methods for silicone rubber insulators. Among them are infrared imaging methods, ultraviolet imaging methods, ultrasonic methods, X-ray methods, and other detection methods [5]. Infrared imaging consists in performing insulation detection by detecting the infrared signal emitted by the abnormal increase in surface temperature after the deterioration of the insulation material. It can be used for on-site non-destructive testing, but its accuracy will be affected by the surrounding environment and the detection mode of the equipment. [6,7,8]. Ultraviolet imaging consists of detecting the partial discharge signal on the surface of the material, and using this as a basis to determine the type of failure. This method can accurately detect leakage tracking, the adhesion of conductive particles, or the internal carbonization on the surface of the insulator umbrella, and its shortcomings are similar to the infrared imaging method [9]. The principle of ultrasonic testing is to collect the sound waves generated by the partial discharge of insulators and determine the insulation state. However, it is also easy to be affected by the external environment and lead to low accuracy [10,11]. X-ray imaging is feasible for most defect detection of insulators, including umbrella skirt sheath, mandrel, the tightness of the connection between the sheath, etc. [12]. However, X-rays are not sensitive enough to detect the gap between the sheath, the core rod, and the ablation of the core rod. In addition, the energy of X-ray electromagnetic waves is high, and long-term direct contact may cause certain physical damage to the inspectors and require more complex protective measures, which increases the cost of inspection.



Considering the shortcomings of existing testing methods, finding a non-contact testing method with high accuracy that is convenient to operate, safe, and capable of providing reliable diagnoses of the aging status of silicone rubber insulators is of great significance for troubleshooting potential faulty electrical equipment and for discovering external insulation defects in a timely manner. In recent years, terahertz waves have attracted interest for their potential as a non-destructive testing method. Terahertz waves have strong penetrating power, easily penetrating materials that traditional light waves cannot penetrate. The ray energy is also relatively low, safe, and reliable. The frequency exceeds the general electromagnetic wave range but not the light wave range, and there are few interference sources in nature with a high signal-to-noise ratio. To a certain extent, terahertz wave technology makes up for the shortcomings of infrared, X-ray, and other detection methods [13]. The goal of this paper is to use terahertz waves as a detection method, first discussing the micro-aging mechanism of insulators, and then studying the transmission characteristics of terahertz signals in composite insulators through calculations, simulations, and experiments. Finally, we explore a new method for detecting the aging state of insulators using non-contact methods.




2. Theoretical and Computational Methods


Polymethylvinylsiloxane (PMVS) represents the building blocks of silicone rubber composite insulators. These insulators would be deployed outdoors, usually in hostile environments with several temperature variations, strong variations, and mechanical strains. All of these factors would interact with the electronic structure of the materials and, thus, would induce variations in the chemical bonding of the PMVS [14]. Previous studies have revealed that high temperature environments could cause thermal cracking of the material by breaking the main Si—O—Si chain. Some chemical substances such as acid-base substances and ozone could also break the Si—O—Si chain via chemical reactions, and a large number of charged particles produced by a corona arc or partial discharge are able to break the chain directly by strong polarization or scattering with the molecule [15]. Based on the influencing factors above, it can be seen that the influence of external factors on PMVS is mainly manifested as the rupture of the molecular chain. With the increase of working life time, a large number of molecular chain ruptures in the main chain will bring about PMVS insulation performance, which will change the mechanical properties and reduce its reliability. At the same time, molecular chain breaks would also cause changes in some of the material’s electromagnetic parameters, such as the dielectric constant (which provides conditions for accurate detection using terahertz waves).



When an electromagnetic wave is transmitted in an ideal medium, the wave vector    k →    is given by


   k →  =    e →   n  k =    e →   n  ω   μ ε    



(1)




where      e →   n    is the unit vector representing the direction of wave propagation,  k  is the wave number,  ω  is the frequency,  μ  is the magnetic permeability, and  ε  is the dielectric constant. The amplitude of the wave will not be attenuated.



On the other hand, when the wave above passes through a lossy medium, its wave vector      k c   →    changes to


     k c   →  =    e →   n  ω   μ  ε c    =    e →   n  ω   μ ( ε − j  σ ω    )  



(2)




where  σ  is the conductivity. It can be seen that when the conductivity of the medium is not zero, the wave transmission in the medium will be attenuated. Since the electrical conductivity of PMVS is extremely small (    10    − 9       ~ 10     − 15      S / cm  ), it is expected that the effect of electrical conductivity variation is small and negligible. In this work, we used first-principles calculations to explore the influence of the main chain break on the dielectric constant of PMVS. With the help of terahertz medium transmission simulation, the relationship between the change of the dielectric constant and the terahertz input return loss is found. Finally, the aging degree of 11 PMVS sample groups was calibrated through experiments, and the terahertz input return loss was measured. The results of input return loss measurement are used to verify the validity of the relationship between the aging degree of the silicone rubber obtained by the calculation simulation and the input return loss of the terahertz wave. This relationship provides strong support for the use of terahertz waves to accurately determine the aging degree of silicone rubber insulators.




3. First Principle Calculations


To reveal the microscopic mechanism of the aging of silicone rubber, and to construct a quantitative correlation between the chemical structure and macroscopic properties, we performed first principles calculations on the electronic structures of the silicone polymer chains. All of the calculations were conducted using the DMol3 package. We adopt a cluster model with Si—O—Si chain lengths varying from 1 to 18 dimethylsiloxane or methyl(ethyl)siloxane units (Figure 1). The two termini were saturated with methyl groups. To obtain reasonable chain configurations, the structures were optimized with a fixed distance between the terminal methyl groups. For each molecule, different molecular lengths were scanned to locate the potential energy minima. The DFT Semicore Pseudopotntial, the B3LYP scheme of functional and double numerical basis sets with polarization functions were employed to describe the nuclei–electron interactions, the exchange-correlation effects, and to expand the Kohn–Sham wavefunctions [16], respectively. The empirical dispersion correction by Grimme was used to describe the van der Waals interactions.



On the microscopic level, the law between the changes of the molecular structure and the dielectric properties of PMVS during the aging process was explored, and then the relationship between PMVS molecular microscopic parameters and material macroscopic parameters were established. Finally, CST (CST Microwave Studio, Boston, MA, USA) was used to establish an electromagnetic simulation model for terahertz signal detection of aging PMVS, which was used to explore the transmission characteristics of terahertz signal in the aging PMVS medium.



3.1. Molecular Simulation Method PMVS Aging Analysis


PMVS is a polymer of methyl vinyl siloxane chain link and dimethyl siloxane chain link. Its molecular structure is shown in Figure 1.



Vinyl occupies a very small proportion in the entire PMVS molecular chain, about 0.1–0.3% [17]. If the DFT calculation method is used to simulate the proportion of vinyl in the entire molecule, it is necessary to simulate at least a molecule with a chain link number of about 1000, which may greatly increase the difficulty of calculation. In addition, considering that the vibration frequency of vinyl is not in the terahertz band and it has a small influence on the dielectric constant, the vinyl on the side chain is ignored when building the molecular chain model. That is, only the polydimethylsiloxane (PDMS) calculation model is built.



The model used in molecular simulation calculations will be built below. In order to systematically study the influence of chain length increase on molecular dielectric behavior, this model was grown on the basis of the dimethylsiloxane short-chain model with three Si atoms in the main chain (Record the number of chain links as 1). Each additional —Si(CH3)2—O— was recorded as chain link plus 1. The schematic diagram of the increase of PDMS molecular chain is shown in Figure 2.



The number of oligomer chain links on the left side of Figure 2 is marked as 1, and the yellow part was one —Si(CH3)2—O— chain link. The red on the right side of Figure 2 was the chain link which has been added. After the increase, the number of oligomer chains on the right was recorded as 2. Finally, a total of 13 PDMS molecular chain models were built, and the number of chain links was 1–8, 10, 12, 14, 16, and 18. The molecular model of PDMS oligomer with 18 molecular chain links is shown in Figure 3.



The simulation uses the DMol3 module in Materials Studio; the basis set is B3LYP, the temperature was 298 K, the electric field was 0.001 a.u., and the dipole moment was calculated.



After calculating the number of dipole moments, we used the Clausius–Mosotti equation to calculate the dielectric constant [18,19]. The calculation equation is shown in the Equation (3)


   {     ε r  =   1 + 2 K ρ   1 − K ρ       K =   4 π  N A   α ′    3 M w        



(3)




where  ρ  is the dielectric material density,    N A    is the Avogadro constant,    M W    is the molar mass of the molecule,    α ′    is the volume of the polarizability, and the relationship between    α ′    and the polarizability  α  is    α ′  = α / 4 π  ε 0   .



The relationship between the number of single molecular chain links and the dielectric constant  ε  was finally obtained and fitted as shown in Figure 4.



As can be seen from the figure above, for a single silicone rubber molecular chain, when the molecular chain length grows, its relative dielectric constant gradually decreases in the form of a power function and eventually stabilizes.




3.2. Molecular Chain Break Model Based on Normal Distribution


After obtaining the relationship between the molecular dielectric constant and the number of chain links, we find that this relationship needs to be applied to macroscopic materials. The PMVS material is cross-linked by hundreds of thousands of molecular chains, and the distribution of molecular chain breaks in the material after aging is more complicated. Therefore, this paper proposes a molecular chain break model based on normal distribution. That is, a system composed of a large number of molecular long chains was established in MATLAB, and the random chain scission operation was performed to simulate the molecular chain rupture during the aging process of macroscopic PMVS materials. The length distribution of molecular chains under different aging degrees was studied. At the same time, the relationship between the average molecular chain length of the material and the dielectric constant was also calculated.



First, the molecular chain system was established. The relative molecular mass of PMVS molecule was about 700,000. After calculation, the relative atomic mass of each —Si(CH3)2—O— chain link was 74. After approximate processing, the length of each silicone rubber molecule PMVS link in the model was 10,000. A total of 10,000 molecular chains were set up in the model. In the aging process, the destruction of the molecular main chain had a greater impact on the overall dielectric constant, so only the break of the main chain Si—O—Si bond was considered. We ignored the impact of broken side chains. At the same time, the concept of aging degree is rather vague. In response to this problem, the average molecular chain length    L u    was set to define the degree of aging. The value range of    L u    was 4000–10,000, the step size was 500, and a total of 13 values were taken for the calculations.



PMVS aging factors were complex and random. The randomness of aging factors makes PMVS molecules random when they break. In addition, the influence of various aging factors on molecular chain breakage was almost independent, the force between molecular chains was small and the distance between molecules is large, so the influence of intermolecular force could be ignored. Therefore, it can be approximately considered that the breakage of the chemical bond of the PMVS molecular chain obeys a normal distribution at the break position. At the same time, in the molecular chain scission model, considering that it is difficult to produce too short molecular chains in actual situations, small molecular chains with a degree of polymerization of 5 or less were ignored in the process of random chain scission. The iterative solution process of the molecular chain break model is shown in Figure 5.



The molecular chain length distribution of PMVS under different    L u    is shown in Figure 6.



It can be seen that the distribution of molecular chain length obeys the normal distribution on the whole. The larger the average molecular chain length is, the greater the difference in length between molecular chains. The relationship curve shown in Figure 4 brings these 13 chain length distribution curves. The curve of the change on the dielectric constant of PMVS material with the average molecular chain length is shown in Figure 7.



It can be seen that as the aging degree of PMVS deepens, the average molecular chain length    L u    decreases and the relative dielectric constant of the material increases. When the average molecular chain length is more than half of the original length, the relative dielectric constant changes approximately linearly. As the molecular chain continues to break, and when the average length drops below half of the original length, the rate of change of the dielectric constant begins to increase and the curve becomes steeper. The increase in the rate of change of the dielectric constant may be caused by the increase in the proportion of small molecular chains in the silicone rubber. According to the relationship between the number of single molecular chains and the dielectric constant calculated in Figure 4, it can be seen that when the number of molecular chains are smaller, the rate of change of the dielectric constant will be greater. Therefore, when the average molecular chain length of silicone rubber is low, the relative dielectric constant changes more obviously.




3.3. Simulation Analysis of Terahertz Signal PMVS Medium Transmission


The terahertz wave will scatter when it enters the PMVS material. Transmission media with different characteristics will show different degrees of scattering to the same input signal, and the S parameter is often used to describe this scattering [20]. The S parameter is a transmission parameter which includes the S12 reverse transmission coefficient, the S21 forward transmission coefficient, the S22 output reflection coefficient, and the S11 input reflection coefficient, which is the input return loss. In the actual measurement of silicone rubber insulation aging, the reflection non-contact measurement was mainly used. Therefore, the reflection parameter of the terahertz wave was mainly studied in the simulation, which is the S11 input return loss in the S parameter. The expression is shown in Equation (4).


   S 11 =     a 1     b 1     



(4)




where   a 1   is the input power and   b 1   is the reflected power. Since the  S  parameter is expressed in the form of a ratio, which is a positive number less than one, for the convenience of comparison, it is often expressed in the form of dB. The conversion relationship between them is shown in Equation (5).


   S  dB    = 20 lgS   



(5)







The input return loss can be understood as the difference in dB between the incident signal and the reflected signal. When the impedance is completely matched, the input return loss is infinite, and for open circuit, short circuit, and lossless media, the input return loss is 0 dB.



We used CST to build a simulation model and set the background as a vacuum and the PMVS material as a homogeneous medium. The size was   0.5   mm × 0.5   mm × 3   mm  , the permeability  μ  was 1, and the relative permittivity s was given according to the relationship calculated in Section 3.2. The PMVS material slice model established in CST is shown in Figure 8a.



A terahertz pulse with a frequency of 0.17–0.22 THz was used for vertical incidence, and probes were set on the interface of the medium to record the time-domain waveform. Taking the dielectric constant  ε  of 2.20971 as an example, the waveforms of the terahertz incident pulse and reflected pulse are shown in Figure 8b.



The simulation calculated and recorded the S11 parameters of terahertz signal propagation with different  ε . We obtained the change curve of terahertz input return loss S11 as shown in Figure 9.



The figure shows that when the dielectric constant of the material gradually increases from 2.20971 to 2.34771, the S11 parameter also increases. At 0.17 THz, S11 increases from −13.06 dB to −12.52 dB and the absolute value is gradually decreasing. This confirms that the transmission loss of terahertz signals in the medium is affected by the relative permittivity of the material. From a horizontal perspective, each curve has almost the same trend in the entire 170–220 GHz frequency band, the input return loss changes slightly in the 170–180 GHz frequency band. With the increase of the relative permittivity, S11 in 170–180 GHz changes from a slight drop to a gradual increase and then to a slight increase. In the 180–200 GHz frequency band, S11 begins to drop sharply, and the drop rate is not much different on each curve. In the 200–210 GHz frequency band, the rate of decline is slightly flat, but in the 210–220 GHz frequency band, the rate of decline increases again. All S11 parameter curves show a downward trend when increasing frequency.



We took the average value of the S11 input return loss curve in Figure 9 over the entire frequency band, and then combined the molecular simulation to calculate the relationship between the average molecular chain length and the dielectric constant. After normalization, the scatter point of the relationship between the aging degree of the silicone rubber and the terahertz input return loss S11 was obtained. In order to explore its laws, we use the linear functions, quadratic functions, cubic functions, quartic functions, and quintic functions to fit the scattered points. The fitting curve of the relationship between the aging degree of the silicone rubber and the terahertz S11 parameter is shown in Figure 10.



Figure 10 shows that the terahertz echoes in the five fitting curves all increase when increase the dielectric constant (that is, the aggravation of PMVS aging). At the same time, in order to compare the pros and cons of the five fitting functions, the residuals at each point were solved for all fitting functions and the residual norm was calculated. In other words, the maximum absolute value of the difference between each calculated value and the fitted value are solved. The solution results are shown in Figure 11.



It can be seen from the figure that the residual norm of the linear function fitting curve is the largest, the residual norm of the quintic function fitting curve is the smallest, and the curve is closest to the calculated sample point. Therefore, the fifth-order function with the smallest residual norm is selected to describe the relationship between the aging degree of silicone rubber and the terahertz S11 parameter, as shown in Equation (6).


  y = − 0.1877  x 5  + 0.4663  x 4  − 0.4094  x 3  + 0.0766  x 2  + 0.7848 x − 13.29  



(6)









4. Experiment and Discussion


To further verify the reliability of the relationship between the S11 parameter and the dielectric constant obtained by calculation and simulation, 11 rod-shaped suspension silicone rubber insulator samples with different aging degrees were selected from the power system for terahertz reflection experiments. This included two new unused insulator samples. One was highly aged sample that have been in operation for more than ten years, and the other one was a sample with varying degrees of aging in between.



4.1. Sample Aging Degree Calibration


Since the samples were generated by the on-site aging of the power system, the working environment has certain differences, so it is not advisable to calibrate the aging degree based on the service life alone. In order to calibrate the degree of aging more accurately, the roughness of the insulator surface and the average partial discharge voltage of the insulation were used for aging calibration in this study.



First, we label the 11 silicone rubber composite insulators in sequence. Samples of umbrella skirts were taken on the high-voltage side, away from the high-voltage side, and the middle part of the insulator. We took 10 sets of samples for each insulator, a total of 11 sets. The sample was processed into thin slices of 20 mm in length and width and 3 mm in thickness. We then soaked the cut sample with absolute ethanol, cleaned the surface dirt with deionized water, and dried it with a vacuum dryer. After processing, all samples were sealed and stored in a dust-free environment for use.



Then, we observed the surfaces of the insulators with a polarizing microscope. The microscope eyepiece magnification was 10×, the objective lens magnification was 63×, and the total magnification is 630×. The surface morphology of some typical samples are shown in Figure 12.



According to the surface roughness of the silicone rubber observed by the microscope, the 11 groups of samples were calibrated and classified into five categories:




	
Samples 1# and 9#, no aging or very low aging;



	
Samples 8#, 2#, 7#, and 4#, the insulators have detectable aging, the surface hydrophobicity gradually decreases, and there are holes, etc.;



	
Samples 6# and 3#, the water repellency further decreased, some defects appeared, the area of pores increased, and the aging was gradually serious;



	
Samples 5# and 10#, the surface defects of the material increased and deepened, and the insulation performance was affected;



	
Samples 11#, The surface of the material is severely powdered, and the aging extends to the inside of the material.








The sample aging degree calibration classification is shown in Figure 13.



In order to further quantify the degree of aging, the partial discharge characteristics of all samples were analyzed using a plate electrode partial discharge device and HFCT sensor. Both are shown in Figure 14.



When measure the discharge voltage, the voltage between the plates was increased from zero through the step-up transformed. When high-frequency pulse current signal was induced in the HFCT sensor for the first time, the plate voltage was recorded as the starting discharge voltage. We continued to pressurize until the “sizzle” discharge sound between the plates was heard for the first time and recorded the voltage of the plate as the current sound voltage. We then continued to pressurize it until the discharge sound became the loudest, that is, when the sample was about to flashover, and recorded the plate voltage as the breakdown voltage. Finally, the three sets of voltages in the discharge process were averaged and set as the average discharge voltage. The partial discharge data of the slices of different parts of the insulators in each group of samples were also averaged to obtain the partial discharge voltage data of each group of insulator slices, as shown in Table 1.



After comprehensive surface microscopic analysis on the silicone rubber insulators and considering the average partial discharge voltage of the insulator slices, the aging degree among the samples were reordered. The final aging degree ranking of the 11 groups of samples is shown in Figure 15.




4.2. Terahertz Reflection Experiment and Result Analysis


The experimental equipment uses a 3649 THz vector network analyzer produced by China Electronics Technology Instrument Co., Ltd., (Qingdao, Shandong, China) the signal frequency is set to 170–220 GHz, which is 0.17–0.22 THz. We made the terahertz wave enter the insulator sample perpendicularly then measured and record the input return loss of the terahertz signal with S11 parameter and collected 10 curves for each group of samples. After screening, we took the average value as the spectrum curve of the sample and performed reflection measurements on the 11 groups of samples in turn. The experimental pictures are shown in Figure 16.



The experimentally measured S11 parameter curves of 11 sets of samples are shown in Figure 17.



The S11 parameter curves of these 11 groups of samples from the entire frequency range is different from the theoretical simulation in Section 4. For samples with similar aging degrees, the experimentally measured curves had different degrees of intersection or even overlapped. This may be caused by experimental error or the dispersion of the sample itself, but it can be clearly seen that the more severely aged samples will have greater input return loss measured overall.



The average value of S11 parameters on the curve of each experimental sample was calculated. After normalization, the S11 parameters are sorted in ascending order according to the degree of aging, and a scatter plot of the experimental S11 parameters under different degrees of aging were obtained. Compared with the curve obtained from theoretical calculation and simulation in Section 3, the experimental simulation results of the relationship between the aging degree and the terahertz S11 parameter are compared, as shown in Figure 18.



In order to verify the similarity between the experimental data and the simulation data, it is necessary to solve the Pearson correlation coefficient. We generated the S11 data sequence    x i    corresponding to the experimental aging degree from the quintic function curve obtained from the simulation, and made the experimentally measured data generate sequence    y i   . Then, the Pearson correlation coefficient  r  could be obtained by Equation (7).


  r =   N  ∑   x i   y i    −  ∑   x i     ∑   y i        N  ∑   x i 2    −   (  ∑   x i    )  2      N  ∑   y i 2    −   (  ∑   y i    )  2          i =  {  0 ≤ i ≤ 1 | i ∈ N  }   



(7)







The Pearson correlation coefficient of the experimental simulation data is 0.9928, which is very strong. It can be considered that the experimental data effectively confirms the validity of the trend obtained by the simulation. At the same time, however, the experimental simulation data have obvious differences in specific values. The Euclidean distance between the two point sets can be calculated, and the difference between the simulation experimental data is about 2.0950 dB. The theoretically derived S11 parameters of the terahertz signal under different aging degrees are lower than the experimental results on the whole. There are basically two factors that lead to the difference. The increase in the molecular chain is the main factor in the construction of the molecular chain model, ignoring the change in shape, which may make the relative dielectric constant calculated by the simulation lower than the true value. The second factor is that the inside of the silicon rubber slice used in the experiment cannot be completely uniform, and there may be delamination and pores in the inside of the severely aged sample. The existence of these internal defects aggravates the transmission loss and reflectivity of the terahertz signal in it. At the same time, errors can be caused by the vector network analyzer itself or the noise inside the device, and also depends on whether the antenna is in close contact with the sample. As a result, the input return loss obtained in the experiment is numerically higher than that of the theoretical simulation.



Due to the error analysis and differences between theory and practice, it can be concluded that the change rule of the terahertz wave S11 parameter with the aging degree of the material is consistent with the change rule obtained by calculation and simulation. The relationship between the S11 parameter and the degree of aging can be expressed by the quintic function fitting curve shown in Equation (6). Taking into account the convenience of engineering application and the excessive residual error of the linear fitting function, the relationship between the S11 parameter and the degree of aging can be approximated by the quadratic function fitting curve in Equation (8).


  y = − 0.07368  x 2  + 0.8051 x − 13.29  



(8)







After comparison of data from calculation, simulation and experiment, it can be concluded that by measuring the input return loss of the terahertz signal, the aging state of the PMVS insulator can be accurately judged. The use of terahertz wave measuring equipment to track the aging information of insulators in time can ensure the safety and stability of electrical equipment and the power grid.





5. Conclusions


The analysis of the aging principle of methyl vinyl silicone rubber in this study shows that material aging and molecular chain rupture will change the dielectric constant of the material. It is proposed that terahertz waves can be used to detect the aging degree of silicone rubber accurately and reliably.



In order to obtain the relationship between the aging of the silicone rubber insulator and the terahertz input return loss, the molecular simulation calculation of the methyl vinyl silicone rubber was first carried out to study the relationship between the relative permittivity and the molecular chain length. Then, a molecular chain scission model based on the normal distribution was proposed, the dielectric constant of the silicone rubber was calculated, and the results increased gradually with the decrease of the average molecular chain length. After that, the electromagnetic simulation model of the terahertz signal incident on the silicon rubber slice was built and simulated. The results show the relationship between the aging of the silicone rubber insulator and the terahertz input return loss. Finally, the validity of the relationship was verified by conducting terahertz reflection experiments on 11 insulator samples with different degrees of aging.



The work done in this article can provide guidance on the use of terahertz waves in the aging detection of silicone rubber insulators, improve the power system equipment state awareness, and promote equipment health evaluation capabilities.
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Figure 1. PMVS molecular structure diagram. 
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Figure 2. Schematic diagram of increase of PDMS molecular chain. 
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Figure 3. Molecular model diagram of dimethylsiloxane oligomer with chain number of 18. 
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Figure 4. The relationship between the number of molecular chains and  ε . 
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Figure 5. Molecular chain break model solution flowchart. 






Figure 5. Molecular chain break model solution flowchart.



[image: Energies 14 04238 g005]







[image: Energies 14 04238 g006 550] 





Figure 6. The distribution of PMVS molecular chain length under different    L u   . 
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Figure 7. The curve diagram of the change of the dielectric constant with the average molecular chain length. 






Figure 7. The curve diagram of the change of the dielectric constant with the average molecular chain length.



[image: Energies 14 04238 g007]







[image: Energies 14 04238 g008 550] 





Figure 8. (a) PMVS material slice terahertz simulation model diagram. (b) THz incident and reflected pulse waveform diagram. 
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Figure 9. THz input return loss S11 change curve. 
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Figure 10. Fitting curve diagram of the relationship between the aging degree of silicone rubber and the terahertz S11 parameter. 
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Figure 11. The residual error diagram of the fitting curve of the relationship between the aging degree of silicone rubber and the terahertz S11 parameter. 






Figure 11. The residual error diagram of the fitting curve of the relationship between the aging degree of silicone rubber and the terahertz S11 parameter.



[image: Energies 14 04238 g011]







[image: Energies 14 04238 g012 550] 





Figure 12. The surface morphology of some typical samples. 
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Figure 13. Classification diagram of sample aging degree calibration. 
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Figure 14. Schematic diagram of plate electrode partial discharge device (left) and HFCT sensor (right). 
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Figure 15. Sort diagram of aging degree of insulator samples. 
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Figure 16. Experimental diagram of terahertz input return loss measurement. 
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Figure 17. S11 parameter curve diagram of 11 sets of samples. 
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Figure 18. Comparison of experimental simulation results between aging degree and terahertz S11 parameters. 






Figure 18. Comparison of experimental simulation results between aging degree and terahertz S11 parameters.



[image: Energies 14 04238 g018]







[image: Table] 





Table 1. Partial discharge voltage data of insulator slice.
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	Sample Number
	Start Discharge

Voltage/kV
	Current Sound Voltage/kV
	Impending Breakdown Voltage/kV
	Average Discharge Voltage/kV





	1#
	4.75
	5
	9
	6.25



	2#
	4.625
	4.875
	8.75
	6.083



	3#
	4.5
	4.75
	8.375
	5.875



	4#
	4.625
	4.875
	8
	6.000



	5#
	4.5
	4.875
	8.125
	5.833



	6#
	4.75
	5
	8
	5.917



	7#
	4.75
	4.875
	8.5
	6.042



	8#
	4.625
	5
	8.75
	6.125



	9#
	4.75
	4.875
	9
	6.208



	10#
	4.375
	4.5
	8
	5.625



	11#
	4.125
	4.625
	7.75
	5.5
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