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Abstract

:

Insulators comprise only 5% of the capital cost of transmission lines; they are accountable for 70% of line interruptions and 50% of maintenance costs of transmission lines. Major transmission lines situated in different parts of the world were mostly all constructed 30 years ago. These lines have either completed or are approaching the active life at 30 years. It is not possible to replace all insulators at a time in any utility. From a standpoint of consistency, it is quite important to locate insulators that require replacement prior to the occurrence of failure. Recalling these issues, a replacement strategy was modeled on insulator samples, operated at 154 kV, mechanical and electrical rating (M+E) 25,000 lbs and within the 10–50 years (Y) age group, collected in bulk for laboratory evaluation, based on the probability of mechanical failure (P(F)) of insulators. For conducting these studies, tensile load test such as combined electrical and mechanical failing load test was performed on selected 30 new and aged porcelain insulator samples from bulk to access recent condition. It was observed that insulators under service for 50 years manifested a decrease of 89.3% in quality factor (K), as compared to insulators within 10 years of service. A micro-structural study was carried out by using an optical microscope (OM) and a scanning electron microscope (SEM) for the further confirmation of previous evaluations. P(F) was derived by implementing Weibull distribution on the experimental observations. It was observed that insulators with an age of 50 years depicted a 2.7% increase in P(F), as compared to insulators with an age of 10 years. This article discussed a strategy for accessing the recent condition of new, aged bulk samples and the criteria of the replacement of the insulator string based on P(F).
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1. Introduction


Insulators serve the bi-fold function of supporting conductor and provide isolation electrically from the ground. The mechanical strength is dependent on the porcelain body and bonding between the hardware and porcelain. Electrical strength depends on operating voltage and transient over voltages that occur during lightning or switching operations. Major transmission lines situated in different parts of the world have been mostly constructed over 30 years ago [1]. The performance of insulators has been considerably successful up until now, in South Korea. The rate of failure is lower than 5% annually. The reliability and durability of insulators are quite essential for the efficient performance of lines. Although insulators comprise only 5% of capital cost, they are accountable for 70% of line interruptions and 50% of maintenance costs of transmission lines [2,3,4,5,6,7]. More than 90% of studies have reported the active life of insulators to be approximately 30 years. Transmission lines have either completed or are approaching active life at 30 years [7]. It is not possible to replace all insulators at a time in any utility. Locating deteriorated insulators before failure has been proven to be quite critical. Annual inspection of utilities is quite common. Only insulators with external damages can be located through visual inspection. Internal damages will increase with the aging of porcelain insulators, which lead to the final failure of insulators.



In the past, electrical defects in insulators were detected by the measurement of insulation resistance and the measurement of the electric field of the defective insulator with a normal one [8,9,10]. In order to locate mechanical defects, techniques such as ultrasonic wave method with ultrasonic probes, measurement of noise using contactless microphones and measurement of temperature by implementing infrared cameras were discussed in the literature [11,12,13,14]. Recently, damage assessment through the imaging of an insulator by using an unmanned aerial vehicle, frequency response signals, computed tomography and magnetic resonance imaging were also investigated [15]. First of all, these techniques are highly dependent on illumination, temperature, humidity and solar flux. Moreover, they are quite costly, complex and time consuming. Consequently, these techniques neither evaluate the intensity of damage nor provide any reference for replacement of insulators. To deal with this problem, a replacement strategy was outlined, based on the probability of mechanical failure (P(F)) of insulators.



To begin with, porcelain insulator samples which required laboratory evaluation were collected in bulk from different utilities operating at 154 kV, within the age group of 10–50 Y, located in South Korea. A failure mechanism study was performed on 30 selected porcelain insulator samples from bulk collected samples, with traces of visual damage. The insulators selected showed different types of visual damage. Few depict heavy rust on metal cap; in some cases, the porcelain body is damaged, others show heavy rust on pin and few show a damaged cement surface. Some samples of the insulator can be seen in Figure 1. The specifications of collected samples were shown in Table 1, where South Korea was denoted by S.K.A tensile load test was implemented on collected new and aged insulators, for accessing the recent condition. A micro-structural study was carried out further to justify mechanical failure results. The mechanical strength of insulators depends on porcelain body and interface between cement, hardware and porcelain. Thus, the microstructure study of metal parts and cement is equally important as the porcelain body one [16].



Furthermore, Weibull was implemented to calculate P(F), as it is impossible to evaluate aging from a couple of trials. Thus, Weibull distribution was adapted with experimental ones. According to Dr. Robert B, the primary advantage of Weibull analysis is the capability to anticipate failure analysis with quite small samples. Besides, solutions are achievable at the initial indications of the problem. Another benefit associated with Weibull analysis is that it contributes a simple and feasible graphical plot of the failure data. The data plot analysis is extremely important to the researchers [17,18,19,20,21]. As reported by Dr. Robert, the two significant parameters of the Weibull plot are the slope i.e., α, and the characteristic life or scale factor, β. The slope of the line, α, is specifically significant and may provide a trace to the physics of the failure. This tool can also be applied to predict a number of failures that will occur in a future period of time.



The failure study of randomly collected porcelain insulators was reported earlier. Past works reported failure studies in collected insulators from different places, by implementing different experiments like power arc, tensile load test, dielectric puncture test and microstructural studies, to evaluate the present condition of collected insulators. However, these authors have not commented on whether the parent population of deteriorated insulators should be removed or not. Cherney et al. reported an article related to the replacement of porcelain insulators. Failure studies were performed on collected insulators, based on mechanical tests. The normal distribution was implemented on experimental data, to decide whether the replacement of the parent population was required or not. The average of the mechanical and electrical (M+E) rating of insulators from different manufacturers were calculated and compared with rated M+E. However, they did not provided any reference (limit), nor did they generalize their research strategy. This article analyzes the recent condition of new and aged bulk samples based on mechanical load test and microstructural studies. Weibull distribution was implemented on experimental results to calculate the probability of mechanical failure P(F). The criteria for the replacement of parent insulator strings based on probability of mechanical failure P(F) were established. This article is focused on outlining a strategy for deciding the replacement of insulator strings when large samples are available for laboratory evaluation [22]. The first part of this article studied different mechanical failure modes and the relation between mechanical strength and microstructural changes based on aging. The later part was focused on the calculation of P(F), the relation between failure load, P(F) and the replacement strategy based on reference P(F).




2. Experimental Methods


Aging is a complex procedure for high-voltage (HV) insulators, due to the merged response of the individual components of the insulator from electrical, mechanical and environmental stresses. Utilities are showing high concerns regarding the evaluation of insulators to prevent sudden failure.



Insulators depicting external damage, such as huge cracks, shattered shells, or highly corroded metal parts, could be easily visible. However, some severe internal damages could be invisible. Thus, experiments are usually necessary for a conclusive evaluation. First of all, for laboratory evaluation purposes, bulk samples were collected from different utilities in South Korea. All collected samples were removed from utilities operated at 154 kV, aged 10–50 Y and M+E rating 25,000 lbs. Thirty samples were selected from bulk, based on visual traces of damage. These samples were divided into three age groups, such as 10 Y, 30 Y and 50 Y. Tensile load tests were conducted on 30 selected samples to evaluate the recent mechanical strength of samples. Tensile load test was conducted on each service group i.e., 10 Y, 30 Y and 50 Y, as per international standards (ANSI). The set up for the tensile load test is shown in Figure 2. An Instron TM hydraulic machine with a maximum capacity of 45,000 lbs was used. The maximum load was exceeded to 25,000 lbs and fixed for one minute, after that load was increased smoothly until the failure of the insulators. The result of the experiment was tabulated in Table 2, along with the location of the failure. Overall, 50% of the samples within the age group 50 Y, and 20% within the age group 30 Y were failed below rated value. All the samples that completed only 10 years of age failed above the rated value. Even 20% of samples within age 50 years failed the proof load test. The mechanical strength in the age group of 50 Y has been degraded more, as compared to other cases. Varieties of failure mode can be observed, such as separation of cap from body, separation of pin and shattering of porcelain body, as shown in Figure 3.



The factors responsible for mechanical strength are porcelain body and the interface between cement, hardware and porcelain. The Korea Electric Power Research Institute (KEPRI) reported a reference factor known as quality factor (K), to evaluate the mechanical strength of porcelain insulators [23,24,25,26,27,28,29]. K, which evaluates porcelain insulators mechanically and electrically, was calculated by using Equation (1) for all age groups of samples, for the prevention of sudden mechanical failure of insulators.


  K =    Q M  −  Q A     Y U     



(1)




where QM is the initial quality index, QA is the current quality index, and Yu is the remaining lifetime, for passing the mechanical load test K ≥ 3. For insulators with the age group 50 Y, K was calculated as 1.10. For insulators with the group 10 and 30 Y, K was calculated as 10.35 and 6.52, respectively. It is clear from the K value of Figure 4 that insulators within the age group 50 Y failed the load test, unlike that of insulators within the age group 10–30 Y.



However, for the calculation of K three factors such as QM: initial quality index, QA: current quality index and Yu: the remaining lifetime should be known. These factors are not universally known and basically used in Korea. Therefore, K could not be employed as a reference for mechanical failure.




3. Results and Discussions


3.1. Microstructural Study of Aged Porcelain Insulator


For many years, porcelain insulators have been exposed to constant mechanical and electrical stresses. These stresses can cause defect formation, degradation of electrical performance and reduction of mechanical strength in porcelain insulators. A micro-structural study was performed to understand the degree of deterioration in new and aged porcelain insulators. The motive for microstructural study was to understand the reason of failure of highly aged insulators. Aging leads to microstructural deformation. OM and SEM images were used to study the microstructural defects of samples due to aging. The porcelain insulator consists of the metal cap, porcelain, cement and pin. Damage in any part of the porcelain insulator can lead to the failure of the insulators [30,31,32]. Corrosion in metallic parts weakens the bonding between metallic parts with cement. This could lead to the separation of the metal cap or pin from porcelain insulators during surge conditions. Randomly insulator samples from each age group within 30 selected samples were chosen to capture OM images of the metal cap, cement surface and SEM images of porcelain body of porcelain insulators. The metal caps of samples aged 50 years show the highest amount of rust on metal cap surface as compared to other insulator samples. Figure 5 depicts the OM images of the metal cap of the porcelain insulator within the age groups 50, 30 and 10 Y.



Cement provides basically mechanical support and binds all parts of the insulator together. The volume expansion of cement can lead to high stress inside the pin cavity of the insulator. This stress can generate radial cracks in the shell and cracks in cement. Initially, cracks could be seen in the cement surface, and will transmit to the shell eventually. These cracks were developed after many years of service, due to the accumulation of moisture in the cement [33]. Moreover, cracks in the cement start to weaken the bonding between the pin, dielectric shell and cement, that lead to separation of the parts during the surge condition.



Cement surrounding the metal parts and porcelain-cement interface were studied by an optical microscope. Figure 6 depicts an insulator aged 50 Y, showing interconnected cracks with a combined length of 2200.61 µm and widths of 129.48 µm, 211.88 µm, and one void of length 442.86 µm and width 449.54 µm, in the cement surface. Insulators within 30 years of age show smaller cracks of length; 101.52 µm, 178.17 µm and 242.8 µm. A higher number of cracks and voids in the cement surface make insulators more vulnerable to mechanical failure.



Figure 7 depicts the OM images of the porcelain-cement interface of three cases of porcelain insulators. In the case of the 50 years sample, there are wide cracks in the porcelain-cement interface, which can lead to detachment of the metal cap and shell during surge conditions. However, insulators spent 30 years of service depicting traces of cracks in the interface. Newly aged insulators that have completed only 10 years of service did not show any cracks in the porcelain-cement interface.



Sometimes, lightning and switching surge impulses experienced by insulators could be higher than their flashover voltage. This could lead to a dielectric puncture. Generally, punctures were developed inside the inner portion of the shell head, due to the highest electric stress across it. These punctures or pores could be transformed into cracks with increasing electric stress or surge conditions. Even moisture accumulation in the shell could be a reason for the transformation of the puncture into cracks. Randomly, samples within each of the groups10 Y, 30 Y and 50 Y were selected and studied by SEM, Hitachi and Horiba/S4800. For preparation of the sample, porcelain is cut into 1 cm3 with the help of a water jet. Samples were coated with 10–15 nm thick platinum layers. Figure 8 shows the SEM images of the porcelain surface of aged and new porcelain insulators.



The insulators which had completed 50 years of service were highly porous as compared to the insulators which had completed 10 years of service. The lifetime of the porcelain insulator is highly dependent on the local environment of the installation site. The nature of pollutants, direction of wind, temperature, occurrence of rain or snow fall all affect the lifetime of porcelain insulators. These factors are responsible for the extent and rate of degradation of insulators. It is highly possible that two insulators possessing the same rating, age and manufacturing specifications, however different their installation site (rural and industrial), will reveal different lifetimes [34].




3.2. Statistical Assessment of Porcelain Insulators to Decide Guidelines Based on Experimental Observations


This section is focused on replacement strategy based on the calculation of P(F). The in-service inspection of aged lines is generally carried to diagnose the recent condition of the aged line, to decide whether replacement is required, or not, to prevent sudden failure. Obviously, in case the visual inspection depicts a large number of excessively damaged units, the line will be considered dead and a replacement will be suggested without lab evaluation. However, if visual damages are not very high or prominent, but the age of the utility is approaching 30 or beyond, the line has faced an extensive surge condition, the location of the installation is highly humid and polluted, or component failure cases occur. A laboratory evaluation of such utilities is quite essential. The concern of this article deals with modeling a replacement strategy for a later situation. P(F) was calculated for all selected 10 samples from each service group.



Weibull distribution was adapted to calculate P(F). The best advantage of Weibull distribution is that it predicts accurately, even with a smaller number of samples (n < 20). In this article, 10 samples of each age group, 50, 30 and 10 Y, were studied. For the proper statistical study, a strategy should be followed. First of all, data should be arranged in ascending order. A rank was assigned to each data from i = 1 to n. The adequacy of the Weibull plot could be checked by plotting a cumulative percent failure with a failure load. Data distributed by following Weibull distribution should lie approximately on a straight line. Some random variations from the straight line are acceptable, as the study was performed on only 10 samples. Shape (α) and scale (β) are two significant parameters of Weibull distribution [35].


  F  ( t )  = Q  ( t )  = 1 −  e  −    (   t α   )   β     



(2)




For the calculation of the probability of failure, a simple approximation was used


  F  (  i , n  )  =   i − 0.44   n + 0.25   × 100 %  



(3)




For each failure load ti, a value was assigned.


   Y i  = ln  (   t i   )  .  



(4)




For expressing the probability of failure in a percentage


   X i  = ln  (  − ln  (  1 −   F  (  i , n  )    100    )   )   



(5)






α = slope of the Weibull plot



(6)






  b = − α ln  ( β )   



(7)




i = Rank of observations



In the case of two-parameter Weibull, unreliability or failure probability is calculated by using Equation (7). F(t) stands for probability of failure, t is the failure load, α is shape factor, β is scale factor and n specifies the number of samples.



Figure 9 depicts the adequacy of the Weibull plot for samples completed at 50, 30 and 10 years of service. Adequacy was checked only for two extreme conditions of samples. It is quite obvious that samples completed at 30 years will also be distributed according to Weibull distribution. An alternative technique to check the adequacy of Weibull distribution is to calculate the correlation coefficient. The correlation coefficient was calculated to be 0.64, 0.84, and 0.95 for the three cases 50 Y, 30 Y and 10 Y, respectively. The correlation coefficient was determined by using the inbuilt function of the spreadsheet. The value should be greater than   2 /  n   ; n specifies the number of samples. In the case of the 50 Y insulators, the correlation coefficient was smaller as compared to the other two cases. The α and β were determined as α = 7.69, β = 20,952.22, α= 32.27, β = 22,378.61 and α = 45.66, β = 22,743.4 respectively, for all three cases. P(F) was calculated by using Equation (7) and the Weibull in built function of the spreadsheet. For the insulator samples which were in service for 50 years, P(F) was 5.55%. For the insulators which were active for 30 years, P(F) was 4.35%. The insulators which spent only 10 years in service showed the lowest P(F), at 1.5%. All Weibull calculations considered a confidence limit of 95%. The average loads observed, at which failure occurred in 50Y, 30 Y and 10 Y samples, were 22,186 lbs; K = 1.1, 25,401 lbs; K= 6.52 and 29,454 lbs; K= 10.35 respectively. The corresponding P(F) calculated were 5.55%, 4.35% and 1.5%, respectively. It could be observed from Figure 9 that failure load and P(F) shared a linear relationship. Thus, it could be modeled as Equation (8).


  P  ( F )  % =  |  19.67 −  (  0.00,061 ×  F a i l u r e   l o a d   )   |   



(8)







For security purposes, the insulators must withstand a rated load to survive surge conditions. At rated load (25,000 lbs), P(F)Ref was calculated as 4.42%. Alternately, it could be considered that healthy porcelain insulators should have P(F) ≤ 4.42%, otherwise replacement of the string is preferable. Figure 10 depicts the probable guideline based on P(F), to evaluate the mechanical strength of porcelain insulators.



This reference could be applied to all insulators collected for evaluation, as age specifications were provided. For this specific study, the insulators which completed 50 years of service are not mechanically fit, and it is preferable to replace their parent population. The microstructural studies performed also defend the decision of the replacement of insulators with an age of 50 years. However, this statement is not universally true for all insulators with the same age group worldwide. This is because various factors, like the location of installation, humidity, temperature and other environmental condition affect aging. It is possible that insulators with an age of 40 years are showing the same characteristics in some other countries, as insulators with an age of 50 years in South Korea. However, for porcelain insulators operating at 154 kV and with an M+E rating 25,000 lbs, P(F)Ref will be completely true.



Based on the rated load value, P(F)Ref will vary. Such a kind of methodology could be developed easily when bulk samples were available for evaluation, and performing experiments on each one is not possible. In such cases, based on the available failure load data and rated load, P(F)Ref could be selected and all collected samples could be evaluated based on it. In this article, classification was done on the basis of aging. This classification can be replaced with a different one as required.





4. Conclusions


Porcelain insulators were put through constant stresses. Thus, the aging accelerated in insulators, which reduced their strength mechanically and electrically. In some cases, the visual inspection was quite indicative of their future failure, even for surety experimental and statistical evaluations are obligatory to prevent sudden failure. Unfortunately, there is no exact reference for predicting the replacement of insulators in the service. This article is focused on outlining a strategy for deciding the replacement of insulator strings when large samples are available for laboratory evaluation. In such cases, performing experiments on each sample is not possible. For this article, 30 insulators, operated at 154 kV and having an M+E rating of 25,000 lbs, were selected based on visual damage from bulk collected insulators. These bulk insulators were 25,000 lbs, 154 kV, and aged within 10–50 Y, and were collected from different places in South Korea for a laboratory evaluation. The samples were divided into three categories of age, and a tensile load test was performed on all samples. Overall, 50% of the samples within the age group 50 Y and 20% within the age group 30 Y were failed below rated value. The insulators which completed 50 years of service depicted a 24.7% decrease in average failure load, as compared to newly aged insulators (10 years). The K of such insulators (50 years) was below 3. Microstructural studies were carried out on all three categories, to re-evaluate previous experiments and study changes in micro-structure with aging. The metal caps of samples aged 50 years showed the highest amount of rust on the metal cap surface, as compared to other insulator samples. The same category showed interconnected cracks as having a combined length 2200.61 µm and widths of 129.48 µm, 211.88 µm, and one void of length 442.86 µm and width 449.54 µm in cement surface, and wide cracks in the porcelain-cement interface, unlike the other two categories. Even the insulators which completed 50 years of service were highly porous porcelain shells, as compared to insulators which completed 10 years of service. Next to this, P(F) was calculated by implementing Weibull distribution. For insulator samples which were in service for 50 years, P(F) was 5.55%. For insulators which were active for 30 years, the P(F) was 4.35%. For insulators which spent only 10 years in service, the P(F) was the lowest, at 1.5%. It was observed that failure load and P(F) shared a linear relationship. Based on Equation (8), it was calculated that with rated load P(F)Ref = 4.42%. For security reasons, insulators should withstand at least their rated load, to prevent sudden failure. Thus, it could be considered that healthy porcelain insulators should have P(F) ≤ 4.42%, otherwise replacement of the string would be preferable. For this specific study, insulators which completed 50 years of service were not fit mechanically and it is preferable to replace their parent population. However, this statement regarding age group is not universally true for all insulators with the same age group worldwide, as the aging of insulator is highly dependent on environmental conditions. However, for porcelain insulators operating at 154 kV and with M&E rating of 25,000 lbs, P(F)Ref will be completely true. In this article, classification was done on the basis of aging. This kind of strategy could also be explored to predict the reference for the probability of total failure, not only the mechanical, by carrying out more experiments.
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Figure 1. (a) Heavily rusted metal cap, (b) Heavily rusted pin, (c) Damaged cement surface, (d) Damaged porcelain body. 
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Figure 2. Experimental set up for tensile load test. 
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Figure 3. (a) Separation of pin, (b) Separation of metal cap, (c) Shattered porcelain insulator, (d) Fractured porcelain insulator. 






Figure 3. (a) Separation of pin, (b) Separation of metal cap, (c) Shattered porcelain insulator, (d) Fractured porcelain insulator.



[image: Energies 13 02043 g003]







[image: Energies 13 02043 g004 550] 





Figure 4. Quality factor calculated based on load test on porcelain insulators. 
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Figure 5. Optical images of metal cap of porcelain insulators; (a) 50 years, (b) 30 years, (c) 10 years. 
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Figure 6. Optical images of cement of porcelain insulators (a) 50 years (b) 30 years (c) 10 years. 
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Figure 7. Optical images of porcelain-cement interface of insulators (a) 50 years (b) 30 years (c) 10 years. 
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Figure 8. SEM images of porcelain of porcelain insulators; (a) 50 years, (b) 10 years. 
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Figure 9. Cumulative probability of failure of porcelain insulator samples with ages. 
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Figure 10. Probable guideline to evaluate porcelain insulator based on the probability of mechanical failure (P(F)). 
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Table 1. Specifications of porcelain insulators under evaluation.
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Insulator Id

	
Failure Load (lbs)




	
50 Y

	
Mechanical and Electrical Rating (M+E) (lbs)

	
30 Y

	
M+E (lbs)

	
10 Y

	
M+E (lbs)






	
1

	
East S.K

	
25,000

	
East S.K

	
25,000

	
North S.K

	
25,000




	
2

	
East S.K

	
25,000

	
North S.K

	
25,000

	
West S.K

	
25,000




	
3

	
North S.K

	
25,000

	
East S.K

	
25,000

	
South S.K

	
25,000




	
4

	
West S.K

	
25,000

	
East S.K

	
25,000

	
East S.K

	
25,000




	
5

	
South S.K

	
25,000

	
South S.K

	
25,000

	
East S.K

	
25,000




	
6

	
East S.K

	
25,000

	
North S.K

	
25,000

	
South S.K

	
25,000




	
7

	
North S.K

	
25,000

	
West S.K

	
25,000

	
North S.K

	
25,000




	
8

	
East S.K

	
25,000

	
South S.K

	
25,000

	
West S.K

	
25,000




	
9

	
East S.K

	
25,000

	
East S.K

	
25,000

	
South S.K

	
25,000




	
10

	
South S.K

	
25,000

	
East S.K

	
25,000

	
North S.K

	
25,000
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Table 2. Summary of Tensile load tests.
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Insulator Id

	
Failure Load (lbs)




	
50 Y

	
Remarks

	
30 Y

	
Remarks

	
10 Y

	
Remarks






	
1

	
20,980

	
Neck

	
26,960

	
Pin

	
25,760

	
Pin




	
2

	
12,010

	
Neck

	
25,400

	
Pin

	
28,860

	
Neck




	
3

	
22,160

	
Pin

	
25,010

	
Pin

	
30,000

	
Pin




	
4

	
25,820

	
Pin

	
27,010

	
Pin

	
28,710

	
Pin




	
5

	
22,180

	
Pin

	
22,450

	
Neck

	
27,540

	
Neck




	
6

	
27,680

	
Neck

	
22,690

	
Pin

	
29,270

	
Pin




	
7

	
12,040

	
Shattered

	
28,750

	
Pin

	
30,990

	
Pin




	
8

	
25,160

	
Pin

	
25,480

	
Neck

	
29,940

	
Pin




	
9

	
28,030

	
Shattered

	
24,960

	
Pin

	
30,870

	
Pin




	
10

	
25,800

	
Shattered

	
25,300

	
Pin

	
32,600

	
Pin
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