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Abstract


Metal oxide surge arresters (MOSAs) are a popular solution for dealing with overvoltages due to lightning and switching in power distribution networks. As a result, a MOSA’s performance and longevity have a significant impact on the quality of energy and the frequency of outages. A MOSA performance is determined by several elements such as leakage current, partial discharge, and thermal image measured in various ways. In this study, different techniques for diagnostic and condition monitoring of MOSAs are discussed, and each method’s advantages and disadvantages are investigated. Additionally, the results of practical tests on two 20 kV healthy and degraded MOSAs are investigated and compared.
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1. Introduction


One of the common distribution system vulnerabilities that negatively impact equipment is overvoltage brought on by lightning, switching capacitor banks, and ferroresonance. In such circumstances, the system’s operation may be jeopardized, leading to economic loss and consumers’ dissatisfaction. Surge arresters are frequently used in the distribution system to address overvoltage concerns and mitigate their potential drastic consequences [1,2]. Among the various arrester kinds, gas-filled arresters can be addressed. They are used to protect electronic equipment and work by electrically breaking down gas while regulating overvoltages on the equipment. The electrical stresses that are applied to this protective equipment determine how long it will last, and estimating those stresses and lifetime is an interesting area of research [3,4]. In this paper, a MOSA is investigated, as it is the most frequently used currently on the market. This is due to its high nonlinearity and quick performance under overvoltage [5,6]. The arrester similar to all engineering systems is vulnerable to different faults and harms. These faults could be due to thermal stresses, aging, and mistakes in the selection and installation of the arrester. Additionally, the location of surge arresters is important for protection and good performance [7,8,9]. Some of the criteria used to assess the health of arresters include the leakage-current measurement, investigating the surge arrester characteristics in fast transient voltage, and partial discharge. Additionally, thermal imaging is one of the most used ways to diagnose the fault in the surge arrester [10,11]. The leakage current can be evaluated in a variety of ways, such as investigating the amplitude of the leakage current, analysis of the total leakage-current harmonics, power loss, the study of resistive leakage current’s third order harmonic, and the capacitive current compensation method. In addition to those previously mentioned, there are methods such as arrester temperature and electromagnetic field measurements that are used for the online testing of arresters [12,13,14]. A laboratory lightning model or fast keying is utilized to examine the specifications of the surge arrester in fast transient voltage. For this, a model of lightning to the arrester is applied, and by analyzing the voltage-time curve, the arrester’s ability to control overvoltage is determined [15]. The performance of the surge arrester can be impacted by environmental conditions such as humidity. Although metal oxide arresters are more moisture-resistant than silicon carbide, moisture’s impact cannot be entirely ignored [16]. The partial discharge test is an efficient method for figuring out how moist the lightning arrester’s interior is. Furthermore, the arrester’s internal current and the varistor’s deterioration are brought on by partial discharge and moisture. As a result, it is important to pay attention to partial discharge in order to ensure the arrester’s lifetime and functionality [11,17]. Additionally, ultraviolet (UV) radiation is one of the environmental parameters that reduce a lightning arrester’s lifespan, and depending on the environment in which the arrester is located, various pollutions affect its lifespan [18]. To carry out different tests and to determine the considered conditions, these parameters can also be produced in a laboratory. Additionally, the arrester can be exposed to a lightning sequence to age it and examine the already mentioned criteria [12,19].



Tests can be categorized into online and offline. In online tests, the object is under the operating voltage and the equipment does not have to be removed from the system. Even though the test is not very accurate in this situation, it is useful for early fault detection. Offline testing is costly but reliable, and it works best in lab situations and sensitive cases [20,21].



In this study, multiple papers have been reviewed and compared. Various approaches to evaluate the condition of MOSAs are reviewed. These methods include the thermal image, partial discharge, electromagnetic field, total leakage current, resistive and capacitive components of leakage current, V-I characteristic, reference voltage, and power loss. The advantages and disadvantages of each method are investigated and the effects of environmental and electrical factors including temperature, ambient humidity, internal humidity, pollution, UV radiation, voltage amplitude, voltage harmonics, object emissivity, and sealing loss on MOSA indicators are studied. Additionally, the results of tests performed in the High Voltage Laboratory of the Clinical-Laboratory Center of Power System & Protection of Persian Gulf University are used as a supplement for references in this article, and the practical test results on healthy and degraded MOSAs are investigated and compared.



The approaches discussed in the current article are described in Table 1 together with information on the methods utilized in other papers.



Regarding the rest of the paper, firstly, in Section 2, the faults related to MOSAs have been discussed; in Section 3, different methods to evaluate MOSAs are explained and the results of practical tests are presented. In Section 4, the conclusions relevant to the subjects are given.




2. Failures


In this section, the causes of typical MOSA failures and the problems that may occur from these failures are investigated. These failures include internal humidity, superficial pollution, sealing loss, non-uniform voltage distribution, overvoltage due to switching, magnitude and duration of an excessive lightning surge, varistor degradation, and varistor displacement [11,21,28,29,30,31,32].



Furthermore, in [21,28,29,30], methods for simulating MOSA failures in a laboratory environment are mentioned, and their explanations are presented in the relevant parts of each MOSA failure in this paper.



2.1. Internal Humidity


MOSAs may experience internal humidity as a result of sealing failures that happened during production, or as a result of sealing loss brought on by the equipment’s aging process naturally. Internal humidity causes a number of problems, but the main one is the incidence of partial discharge brought on by the creation of water vapor inside the arrester.



In the simulation of this type of failure, the arresters were opened, and water was sprayed into the varistor column. After that, the MOSA was closed.




2.2. Superficial Pollution


Pollution in MOSA housing is the cause of this problem. This is a common problem at several substations, particularly those near the coast or in heavily industrialized areas. When contamination on arresters is discovered early, it can be remedied by washing the surface. Permanent failures, such as the early deterioration of the varistors, may happen as a result of the high heating if the issues persist for a long period.



Salt moisture was sprayed on the whole porcelain of the surge arrester to simulate this failure.




2.3. Sealing Loss


Sealing loss occurs when there is no longer a physical barrier between the surge arrester’s inner and environment, allowing gases to flow. Due to the flow of gases, the loss of physical isolation between the interior of the MOSA and the environment causes changes in the arrester’s heating and electrical characteristics.



The sealing loss was artificially produced in the lab by establishing communication routes between the environment and the interior of the arrester, permitting the flow of gases.




2.4. Non-Uniform Voltage Distribution


Surface pollution on the arresters or problems with the arrester design results in a non-uniform voltage distribution on the arrester components, which may lead to a malfunction. Electrical fields that are concentrated near high-voltage terminals or in more polluted areas cause varistors to prematurely degrade.



In the simulation of this form of failure, a number of assemblies with internal short-circuited varistors was used, changing the way the electrical field was distributed along the arrester.




2.5. Overvoltage due to Switching


Surge arrester failure can occur as a result of a mismatch between the system voltage rating and the surge arrester voltage rating. Therefore, it is important to properly measure the dimensions of the surge arrester, considering the topography of the overhead lines, the grounding arrangement, and the potential short-circuit current.




2.6. Excessive Lightning Surge Magnitude and Duration


A surge arrester with a greater nominal discharge current, basic impulse level, and line discharge class should be taken into consideration for areas that are more likely to experience lightning strikes, since these requirements ensure that the surge arrester will be able to absorb more energy without suffering damage.




2.7. Varistor Degradation


Varistor degradation can be brought on by a varistor break, premature aging, or natural aging. The varistors can be severely and repeatedly damaged by electrical surges, humidity, and other factors, losing their electro-thermal stability and resulting in overheating and a large leakage current. The MOSA may experience a thermal avalanche as a result of premature degradation, which can cause the varistors to fracture or explode and, as a result, cause permanent damage to the equipment.



Damaged varistors were placed in the arrester active column to simulate this defect in a laboratory. By applying overvoltages and current impulses, the electrical stress was created that caused the varistors to break down.




2.8. Varistor Displacement


This problem usually happens as a result of inappropriate surge arrester transport or storage. Nevertheless, assembly faults during production could result in this type of problem. The displacement results in the formation of preferential conducting paths in the area of the best contact, which overheats the area and causes the varistors to degrade prematurely. Displacements in the active column were carried out during the simulation.





3. MOSA Diagnostic and Condition Monitoring Methods


3.1. Thermal Image


Thermography inspection is a method to indicate equipment temperature, and this method is popular and has wide applicability in the areas of electrical, bio-medical, mechanical, and different engineering disciplines [33,34]. In addition, the MOSA is among the equipment that can have infrared photographs taken of it and its temperature analyzed in order to diagnose it [35]. In order to obtain an infrared image of the equipment, a thermoviewer or infrared camera can be employed. An object is captured using an infrared camera, which then uses infrared radiation to turn the picture into a thermogram [36]. In [37], an infrared camera is used to take an infrared image of surge arrester and examine the impact of various variables on the outcome of the thermal image and this equipment’s diagnostic.



The thermal image can reveal potential problems with the MOSA and even the specific type of problem in a detailed analysis of this method. Loose connections, degrading insulation, decaying components, surface pollution severity, an unbalanced load, overload conditions, and many other potential problems can all be detected with a thermal image measurement [27,37]. As a result of these studies, the thermal image is correlated with the degradation of the surge arrester. Consequently, this technique is a crucial element that may be utilized to predict the lifespan of the MOSA and identify its failures [27,38].



A thermovision photo of a 20 kV MOSA is displayed in Figure 1. As can be observed, at the operating voltage, the MOSA varistor’s temperature is 32.3 °C, while the ambient temperature is 24 °C; however, due to surface pollution, the temperature is about 36 °C in some areas of the arrester that are shown in the thermovision photo. This higher temperature may be harmful to the MOSA if the pollution is not cleaned up. Thus, it shows the importance of periodic surge arrester cleaning.



The advantages of using the thermal image measurement include the ability to inspect without having to physically contact the equipment and the ability to utilize it for online monitoring when the equipment is in service and under the operating voltage [27,37]. This method is fast, easy, non-invasive, and one of the non-destructive methods of the diagnostic and condition monitoring of MOSAs [35]. In addition, this method has some disadvantages, such as requiring expensive instrument, skills and knowledge to analyze the outcomes. Additionally, if the surge arrester is separated by a material that is not transparent to infrared thermography (IRT) radiation, such as glass or other coverings, it is not able to determine the internal temperature [33,34].



In [11], the thermal image measurement is used to detect the failure of the surge arrester in the Tenaga Nasional Berhad distribution network, and this measurement allows for the precise determination of the MOSA’s condition. This reference defines a table that displays five severity levels of the thermographic measurement that indicates the action that must be taken for surge arresters according to the difference in temperature between the test object and healthy surge arresters. For instance, when the temperature is overheating by less than one degree of centigrade, no action is necessary, but overheating by greater than 35 degrees needs immediate action, and must be replaced.



The temperature of a MOSA can be increased according to some reasons. Compared with a healthy MOSA, when a failed MOSA enables the current to pass through it, the thermal image should be capable of detecting a higher temperature of 10° to 20° [11]. The MOSA temperature and the thermal image are influenced by a number of variables, including internal moisture, reflected temperature, ambient temperature, distance from the test object, infrared energy emissivity, and external pollution [27,37].



A neural network is very useful in diagnosing and analyzing the thermal image of a MOSA. The thermal image and leakage current, which are correlated with the degradation of the surge arrester, are the main measurements used in [27]. The third harmonic of a MOSA-resistive leakage current and temperature from thermal imaging were correlated using a feed-forward back propagation (FFBP) neural network in this reference. In addition, there is a detailed discussion of more optimization methods in [39], including gradient descent, quasi-Newton, conjugate gradient backpropagation (CGB), and Levenberg-Marquardt (LM). Figure 2 shows the back propagation neural network structure. Humidity, ambient temperature, and collected data from the leakage current and MOSA thermal image are this neural network’s input layers. Each node in the hidden layer receives an input from every node in the input layer, which is multiplied by the proper weights and then added, and the non-linear modification of this final sum is the hidden node’s output. Each node in this network has a weight assigned to it, and the initial weights are selected at random. During the training process, these weights are adjusted. Finally, the condition of the MOSA is reported with normal, suspicious, or fault labels after the hidden layer data analysis.



In [28], a neural network was used to diagnose a MOSA, and this neural network was developed using simulations of six different failure tests. These failure tests are sealing failure, internal humidity, superficial pollution, the generation of short circuits on the varistor’s surface as though a conduction path had been made as a result of carbonization or moisture, the arrester active column which contained broken varistors, and the displacement of the varistor along the active column. For each kind of these tests, the thermal image and thermal profile of the MOSA have been reported and have revealed the differences in the arrester’s thermal behavior for the various types of problems. These differences can be sent into an artificial neural network to categorize the arresters based on whether or not failures have occurred.




3.2. Partial Discharge


When the local electric field exceeds the threshold value, there is a partial breakdown of the surrounding medium, leading to partial discharge. The partial discharge measurement is one of the qualities of MOSA insulation, which is crucial for defect detection and error prediction [40]. There are typically two ways to measure partial discharge. One is the electrical model, which depends on current pulse observations, and the other is a non-electrical model, which measures the partial discharge using sound, light, and electromagnetic waves. The non-electrical technique has the benefit over the electrical method in that it allows for measurement of the device without removing it from the system [41,42].



In [16], the relationship between the component and internal humidity has been investigated. In this study, there have been eight medium-voltage MOSAs from various manufacturers utilized and a schematic which assessed for partial discharge and power loss.



In [11], the partial discharge of each of the six arresters has been tested at six levels, ranging from 33 dB to 60 dB, at six distinct locations. In the mentioned study, partial discharge is measured using an infrared technology that is appropriate for online tests.



In [43], ultrasound was used to collect data on different insulations under various situations, including pollution, insulation defects, humidity, and salt. An artificial hole was made in the insulation using a mechanical drill. A total of 20 min was used to obtain the ultrasound data using an ultrasound microphone placed 0.4 m from the test object. The sound waves that this approach uses disperse in several directions, which makes it difficult to determine the exact location of the flaw without the operator’s expertise and experience. The insulators are set to a voltage of 7.95 kV phase-to-ground in order to perform the test. The data that were received have been examined using the ANN approach. This technique is more effective than contamination at identifying perforated insulation flaws.



The experimental setup for the electrical partial discharge measurement is shown in Figure 3. In this experiment, one Nano Farad of capacitance is used, parallel to and close to the transformer. The transformer and capacitor are parallel connected with the test item, which is a MOSA here. The distance between the components has no particular influence on the outcome, but the partial discharge is sensitive to sharp surfaces and objects with points that could throw electrons. As a result, according to the voltage range of the MOSAs in the distribution network, the environment should be isolated at a distance of at least one meter from the set of a transformer, capacitor, and test object. In the sample of this measurement outcome, which is shown in Figure 3, the voltage applied to the arrester is shown by the blue sinusoidal waveform, and the arrester’s partial discharge at each angle of the sinusoidal waveform is represented by the raised red lines. The partial discharge of the healthy arrester is in the hundreds of femtocoulomb (fC) range, but the tested arrester has a value of 6.6 picocoulomb (pC), which indicates that it is not healthy.




3.3. Electromagnetic Field


Defects and fractures in the MOSA insulator cause an inflow of electrons to the damaged region, which leads to the creation of a partial discharge and increases the leakage current. A technique for measuring partial discharges is electromagnetic emission. This approach involves obtaining partial discharge signals using sensors and an antenna, signal processing, and identifying the area of the fault. The wireless connection and its small and inexpensive antenna are some benefits of this approach, since they allow for placement in the distribution system’s towers and continuous assessment. Interference of waves can be a problem with this method, but due to the high frequency of this transmission, low-frequency signals do not often present a problem, but for interference in a specified band, a filter can be applied [24,44].



The electromagnetic pulses received from the lightning arrester have been studied [24] using the Wigner–Ville distribution (WVD) approach, and the impact of humidity and pollution has been examined. The classic fast Fourier transform (FFT) has been abandoned in preference of the WVD approach due to the non-periodic characteristics of the data under investigation. The frequency spectrum of the received signal is determined using the above-mentioned approach, and it can be seen that the frequency spectrum of the polluted and moisture-exposed surge arrester has a higher amplitude than that of the clean and healthy surge arrester.



A setup of the electromagnetic emission is shown in Figure 4. The antenna is connected to the preamplifier, digital oscilloscope, and computer.




3.4. Leakage Current


The methods that depend on the measurement of leakage current under the operating voltage are the most traditional and popular techniques for diagnosing the MOSA’s condition [13]. This measurement can be used either online in service under the operating voltage or offline in the laboratory. The offline techniques can be used to achieve precise results, but the offline method’s disadvantages are the need for costly equipment and the requirement to remove the MOSA from the system [18,25]. In [45,46], on the secondary side of the transformer, a shunt resistor is connected in series with an arrester for measuring the leakage current, and a capacitive divider is connected in parallel with the set of shunt and arrester to measure voltage. Figure 5 shows the experimental setup for the leakage-current measurement, where simultaneously, the voltage and current of the surge arrester are measured in a laboratory.



This method has limited use in classical arresters because of the presence of a spark gap, but the MOSA’s creation elevated their use and significance because a low current is always flowing through this arrester, which is called a leakage current since a MOSA lacks a spark gap. Furthermore, the other drawback of this method is that it is dependent on the fluctuation and harmonics of the operating voltage, but this can be rectified by using development methods that rely on the leakage-current measurement. For instance, the fundamental harmonics of the resistive leakage current and power loss can provide a reliable diagnosis of MOSA health because they are less sensitive to voltage harmonics and fluctuation [13].



As indicated in the preceding section, surge arresters fail due to a variety of circumstances, including pollution, varistor degradation, and displacement of the varistors. As a result of analyzing their leakage current, diagnosing MOSAs based on peak currents seems unsuitable because the peak currents are generally close together with the exception of varistor deterioration, which is the most serious failure, as it exhibits a slightly higher value. However, the distortion levels have shown more significant variations, with no two waveforms having the same magnitude at any time. The observed characteristics were consistent with those of the other measured leakage currents. Therefore, the results support the theory that MOSA diagnostics and monitoring by analyzing the harmonic content of the leakage current due to the differences in distortion level can be useful [30].



The total leakage current includes the impact of capacitive and resistive current components. The capacitive and resistive leakage-current measurement has always been essential. As a result, various techniques for calculating the resistive leakage current from the total leakage current are developed [47,48], such as the modify shifted current method (MSCM) [49], time-delay addition method (TDAM) [50], improved time-delay addition method (ITDAM) [46,51], capacitive current compensation method (CCCM) [25], current orthogonality method (COM) [18], and hybrid method [52].



A total leakage current example, together with the capacitive and resistive components of this signal, is shown in Figure 6. Due to the fact that the capacitive component of a leakage current is voltage-dependent, the resistive component of a leakage current is primarily responsible for the change in harmonic components that occurs as the MOSA deteriorates. Changes in the resistive component have little impact on the total leakage current because the capacitive component makes up the majority of it. These facts suggest that the resistive leakage current analysis, as compared with the total leakage current analysis, can give a more accurate picture of the MOSA’s health [48].



For assessing the MOSA’s condition, the leakage current-resistive component obtained through the decomposition process is a good indicator. The calculation and analysis of the resistive current amplitude [25,53], fundamental harmonics [50], third harmonics [26,27], and its harmonic ratios [45] serve as the essential purposes of most diagnostic methods.



In [54], the effects of three variables, including UV radiation, pollution, and varistor faults on the harmonic of MOSA-resistive and total leakage current, are examined. The results indicate that in the conditions of varistor degradation and outside pollution, the fundamental harmonics of the resistive and total leakage current are more predominant. Hence, they can be regarded as effective criteria for identifying clean conditions from those caused by pollution and degradation. In addition, UV aging has caused a significant increase in the third harmonics of resistive and total currents, and a decrease in their fifth harmonics.



Harmonic ratios of the MOSA-resistive leakage current are used in [45] for the diagnostic and condition monitoring. Therefore, the ratio of      i  r 3      i  r 5       is a valuable index since it can distinguish between virgin MOSA and UV-aged ones because of the higher value in UV-aged MOSAs. In addition, polluted MOSA surfaces have a higher      i  r 1      i  t 1       ratio. As a result, this ratio is a useful and effective indicator for separating clean virgin and clean new from polluted MOSAs.



V-I characteristics, the reference voltage, and power loss measurements are MOSA diagnostic and condition monitoring methods that are discussed and examined in the following sections of this article. They are often carried out offline in a laboratory because it is necessary to measure the leakage current and operating voltage at the same time; however, this is either impossible under operational conditions or involves other risks and problems. The circuit is shown in Figure 5 is employed for simultaneous voltage and current measurements during the course of these tests in a laboratory environment. Despite the fact that each of these methods uses the same circuit as the leakage current circuit, they each have their particular analyses and advantages, making them distinct methods for determining the arrester’s health condition.




3.5. V-I Characteristics


MOSAs V-I characteristic is nonlinear and can be divided into three distinct regions that are named the leakage region, breakdown region, and upturn region. In the first region— the leakage region—a tiny amount of leakage current passes through surge arresters since the voltage is lower than the nominal value. The breakdown region is where extremely big changes in the current correspond to extremely small changes in the voltage. In the upturn region, the voltage and current are both more than the residual voltage and rated current [55,56].



In [10], the impact of temperature on V-I characteristics is discussed. In the leakage current region where the surge arrester is in continuous operation, increasing temperature causes the current to increase. The discharge current flows when switching or lightning impulses occur, and voltage is limited to the residual voltage level by the MOSA. The MOSA conductivity changes slightly with temperature. The MOSA is extremely conductive in the upturn and breakdown areas. Hence, the temperature effect on these regions is insignificant.



In [57], the influence of temperature, operation history, and varistor material on MOSA V-I characteristics was investigated. These factors alter V-I characteristics, which must be taken into account in power loss, and hence, its analysis.



The primary evaluation method for a MOSA’s performance and a good indication of its condition is measuring the V-I characteristic. This measurement can be used for both AC and DC MOSA V-I characteristics. For measuring V-I characteristics, a DC or AC voltage source is required, and based on the amplitude of the voltage supply, the leakage current is recorded. If this method is used online, only one point from the V-I characteristics can be taken according to the line-to-earth voltage. As a result, this method is limited to offline measurements. Expensive equipment is required to generate a high-quality voltage signal and to measure the leakage current and voltage [20].



Figure 7 indicates an example of a comparison between the V-I characteristics of healthy and degraded MOSAs in the same ambient condition. As a result, a degraded MOSA has a larger current than a healthy one at the same voltage. Additionally, from these characteristics, it is possible to record the leakage current RMS value and reference voltage of both healthy and degraded MOSAs.




3.6. Refrence Voltage


The voltage difference between the surge arrester terminals while operating with the reference current is referred to as the reference voltage. The reference current, which is defined by the manufacturer, is in the range of 1 to 10 mA [20].



The method that is most frequently used to measure reference voltage is to apply an AC voltage across the varistor while the current is monitored. Then, the reference voltage is equal to the AC RMS voltage, resulting in the sample’s peak current conduction reaching the target reference current. Typically, reference voltage measurement takes a few seconds. The device’s temperature may rise to harmful levels to the material in the varistor if the measurement is excessively drawn out. The test object could not possibly maintain the voltage level if this measurement took ten minutes [58].



High impulses have the potential to change the conductivity of MOSA characteristics. The device’s manufacturer and the surge’s severity significantly impact the degree of damage [58]. The capability of a MOSA to clamp a surge voltage reduces with MOSA degradation. A reduction in the MOSA’s reference voltage is indicated as a result of degradation. Less voltage is needed in order to pass greater current around the 1 mA through the more degraded MOSA, and complete failure is defined as a reduction of between 5% and 10% in the reference voltage of a MOSA. Consequently, measuring the voltage reference can be helpful in determining whether MOSA is in good condition [23,26,59].




3.7. Power Loss


Power loss in the surge arresters was computed based on the leakage current and applied voltage data. The following formula can be used to calculate active power losses: [25]


  P =  1 T    ∫  t  t + T   v  t  i  t  d t  



(1)







The power loss measurement is frequently used in laboratories (offline) but is rarely used online because simultaneous leakage-current and operating-voltage measurements are required. Simultaneous measurement of this method is either not feasible in operating conditions or is related to various risks and problems. Hence, this is one of this method’s disadvantages [25]. In addition, this method has some advantages, such as being a good indicator for the MOSA’s condition evaluation and giving a realistic picture of MOSA’s electrical characteristics and changes brought on by various types of degradation [60,61]. As a result, although it is insensitive to the operating voltage harmonics, even under direct or non-sinusoidal voltage, it provides reliable results and is another benefit of the power loss method [20].



Growing power loss as well as service life are indicators of MOSA aging. The power loss of surge arresters depends on both internal and external watt loss. As a result of a contaminated moist surface, when compared to the internal power loss, a MOSA exhibits an external power loss that is at least ten times greater [19,62].



In [16], the influence of internal moisture on partial discharge and power loss was assessed. It became recognized that power loss diagnostics are more sensitive when compared to partial discharge diagnostics to detect differences due to internal moisture.




3.8. Impulse Test


The impulse test is one of the tests that is carried out offline in a laboratory, and it can be utilized as one of the periodic tests of surge arresters. Utilizing an impulse test, the surge arrester insulation withstand and residual voltage can be determined. Figure 8 shows an example of the experimental setup for the lightning impulse voltage test in a laboratory.



This test is designed to show the arrester housing’s external insulation’s ability to withstand voltage. Impulses have different types based on their duration. One of the several impulse types for which the standard is defined and used is 1.2/50 µs impulses. Fifteen positive and negative 1.2/50 µs impulses were applied to the sample. Out of these fifteen impulses, the sample passed with fewer than two discharges, indicating that its insulating withstand is acceptable [63].



The peak value of the voltage that occurs between the surge arrester terminals when a discharge current is applied is referred to as the residual voltage [14]. However, the discharge current’s amplitude and waveform can have an effect on the residual voltage; the residual voltage must be lower than the protection level of the operating equipment [64].




3.9. Comparison of Different Diagnostic Methods


In this section, numerous papers have reviewed and described various methods of the diagnostic and condition monitoring of MOSAs. The experimental setup is described, and the outcomes of each technique are displayed. In addition, each method’s benefits and drawbacks are generally discussed. Figure 9 shows the advantages and disadvantages of MOSA diagnostic methods.



In the final part of this section, the methods investigated in this study are compared due to the investigation of six other papers in Table 2. For each paper, the properties of its proposed approach are discussed in the first column. The advantages and disadvantages of the paper methods are discussed in the second and the third column of the table.




3.10. A Look at Upcoming Research


Some research gaps have been found, which may include potential future research topics, in view of the information presented in Table 2 and Figure 9. The titles of several of these works are mentioned below.



Fault detection in MOSA using thermal image analysis with image processing and reinforcement learning.



Noise removal in partial discharge measurements with the fast Fourier transform method and artificial intelligence for fault detection in MOSAs.



The analysis of received signals from electromagnetic emission using an optimal neural network.



Online diagnostic fault and extracting the resistance and capacitor current from the leakage current of MOSAs by ITDAM (improved time-delay addition method), and develop its result using machine learning.



Designing and manufacturing a new MOSA system with efficient performance against ferroresonance and temporary overvoltage.





4. Conclusions


In this paper, issues such as internal moisture, pollution, different overvoltages, and aging that may lead to MOSA failures were investigated. Internal humidity and surface pollution are the two most frequent factors in surge arrester failure, which develops over time as a result of the surrounding ambient condition. Therefore, periodic cleaning and insulation testing are recommended to minimize the degradation and failure of arresters. Failures such as lightning surge and overvoltage due to switching can cause MOSAs to fail instantly, making them unsuitable for use in service and requiring replacement. As a result, it is crucial select arresters in the distribution network, considering the topography of the overhead lines, the grounding arrangement, as well as making the required preparations to replace arresters in the case of the possible failures that are described.



According to the advantages and disadvantages mentioned, the thermal image tests, leakage current tests, and partial discharge testing among the MOSA evaluation techniques discussed in this article can be useful for routine maintenance and essential MOSA tests. The non-destructive aspect of the thermal imaging method is a key component that can be used for online testing, and it can provide a reliable picture of the MOSA’s condition by employing a neural network. However, the expense of the required instrument is a drawback of this method. The partial discharge of the arrester may also be measured online using the electromagnetic emission approach. Although the necessary hardware, such as the antenna, is simple, it should be emphasized that the analysis of the received data is highly sensitive and complicated. The leakage current has a wide range of applications in the detection of the MOSA’s condition, and the findings obtained from this measurement can be used to determine the severity of the damage or predict the remaining life of the MOSA. This method and methods that depend on measuring leakage current, such as V-I characteristics, reference voltage, and power loss, require simultaneous measurements of the voltage and current. Therefore, they are commonly performed offline in a laboratory because of the risks and problems of these simultaneous measurements in service.



Practical testing of a healthy and defective 20 kV MOSA revealed that, at a constant voltage, higher currents flow through the defective MOSA. The evaluation of MOSAs may also consider this scenario.
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Figure 1. Thermal image of a MOSA with surface pollution in a laboratory. 
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Figure 2. Neural network structure for implementing the diagnostic technique. 
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Figure 3. The experimental setup for electrical partial discharge with a sample of its outcome. 






Figure 3. The experimental setup for electrical partial discharge with a sample of its outcome.



[image: Energies 15 08091 g003]







[image: Energies 15 08091 g004] 





Figure 4. Electromagnetic emission setup. 
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Figure 5. The experimental setup for the leakage-current measurement in a laboratory. 
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Figure 6. An example of capacitive, resistive, and total leakage currents. 
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Figure 7. V-I characteristics of healthy and degraded MOSAs. 
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Figure 8. The experimental setup for the lightning impulse voltage test in a laboratory. 






Figure 8. The experimental setup for the lightning impulse voltage test in a laboratory.



[image: Energies 15 08091 g008]







[image: Energies 15 08091 g009] 





Figure 9. Advantages and disadvantages of MOSA diagnostic methods. 
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Table 1. Comparison of papers related to MOSA diagnostic and condition monitoring.
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	References
	[22]
	[11]
	[23]
	[20]
	[24]
	[25]
	[26]
	[16]
	[27]
	This Paper





	Leakage current
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	✓



	Thermal image
	-
	✓
	-
	-
	✓
	-
	-
	-
	✓
	✓



	Partial discharge
	✓
	✓
	-
	-
	-
	-
	-
	✓
	-
	✓



	Resistive current
	✓
	-
	-
	✓
	-
	✓
	✓
	-
	✓
	✓



	V-I characteristic
	-
	-
	✓
	✓
	-
	✓
	-
	-
	-
	✓



	Power loss
	✓
	-
	-
	✓
	-
	✓
	✓
	✓
	-
	✓



	Reference voltage
	-
	-
	✓
	✓
	-
	-
	✓
	-
	-
	✓



	Electromagnetic
	-
	-
	-
	-
	✓
	-
	-
	-
	-
	✓










 





Table 2. Comparison of properties, advantages, and disadvantages of MOSA diagnostic methods in different papers.
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	Reference
	Properties
	Advantage
	Disadvantage





	[37]
	Uses thermovision to detect arrester failure and the probability of a fault.

Employs a digital image processing technique based on the watershed transform, and uses the neuro-fuzzy network.
	A non-destructive procedure; a decision-making instrument for identifying surge arrester faults.

In addition to normal and faulty conditions, the surge arrester includes the following intermediate conditions: light and suspicious.
	If the parameters of a thermogram alter drastically, the tool may not produce reliable data.

The thermogram’s placement should be properly specified.



	[16]
	After immersion testing, it observes the partial discharge and leakage current on eight surge arresters.
	It assesses the behavioral relationship between internal humidity and partial discharge and MOSA degradation.
	The measurement of partial discharge was less accurate than power loss.

The electrical partial discharge measurements are particularly susceptible to external noise.



	[24]
	Utilizes the electromagnetic emission method to identify partial discharge and lightning arrester surface flaws.
	As a diagnostic technique, the WVD analysis can be employed with the use of a signal processing algorithm.

It has a wireless connection and a small and inexpensive antenna.
	Since there may be other electromagnetic signals present, data collecting with this method is highly challenging and is susceptible to errors.



	[50]
	Analyzes leakage currents to assess the condition of the arrester.
	It creates a database of medium- and high-voltage arresters with varying functioning conditions.

It uses signal processing in MATLAB and the simulation of the leakage current in ATP-EMTP to verify its analysis.
	The extraction result of resistive and capacitive components of the leakage current may be unreliable, and online testing is difficult.



	[12]
	Classifies arresters using experimental tests and the multi-layer support vector machine method (SVM).
	The classifier performs exceptionally well regarding training speed and reliability.

It can categorize samples into some categories.
	The SVM cannot detect the error of specific information; it can only categorize samples into some categories.

The classification performance is heavily dependent on the MOSA parameters chosen; the algorithm cannot choose the MOSA parameters automatically.



	[13]
	The MOSA’s condition assessment utilizes a leakage current analysis technique at the operating condition.
	The applicability of specific indicators for evaluating the MOSA’s condition was assessed.

There has been a suggestion for a solution to reduce the impact of voltage harmonics and fluctuation on the result of the leakage current analysis.
	The difficulty of simultaneous current and voltage measurements at the network and higher harmonics may make tests invalid.
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