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Abstract

:

In a recently published work, the characteristics of a new grounding device with spike rods (GDSR) with various arrangements of ground electrodes under high magnitude impulse currents (up to 16 kA), was investigated. In an earlier study, the ground electrodes were installed in low resistivity test media, with resistance at steady state (Rdc) values ranging from 11 Ω to 75 Ω. In practice, various soil resistivity, ranging from a few Ohm-metres to several kiloOhm-metres, have been reported in the standards. It is, therefore, necessary to investigate the characteristics of GDSR with different arrangements of ground electrodes in various soil resistivities under high impulse currents. In this present paper, six configurations of ground electrodes are used, installed at three different sites and subjected to high impulse conditions. Impulse test data of all the grounding systems are analyzed. The Finite Element Method (FEM) is used to compute the electric field values of the ground electrodes achieved. It is found that the highest electric field occurs in the presence of electrodes with the highest Rdc, soil resistivity and current magnitudes. This new data would be useful in bolstering the performance of GDSR in various types of soil resistivities, electrode arrangements and current magnitudes, which may allow for optimum design of grounding systems.
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1. Introduction


There are two main parameters that affect the design of grounding systems; ground electrode configurations and soil resistivity. A few standards [1,2,3,4] list useful formulae for the computation of resistance at steady state (Rdc), Ground Potential Rise (GPR), Touch Voltage (VT) and Step Voltage (Vs). These standards [2,3,4,5] also include soil resistivity data, which varies over several orders of magnitudes to thousands of ohm-metres. It is important to highlight that this information deals with the grounding system performance at low voltage, which is usually different for the case of practical grounding system applications under high impulse conditions.



Many publications reported investigations on the practical grounding system by field measurements under high impulse conditions, where the grounding systems consist of a few electrodes, as used in [5,6,7,8], counterpoises [9,10,11] and full-scale grounding grids [12,13,14]. All of these studies [6,7,8,9,10,11,12,13,14] show that the behavior of the ground electrode is different from the low voltage, low frequency current, where three conditions would happen when practical grounding systems are subjected to high impulse current; (a) reduction of impulse ground resistance value with increasing currents, (b) current-independent of ground resistance value for some electrodes, and (c) higher impulse resistance value than Rdc [14].



Haddad et al. [9] reported the results of impulse characteristics of practical ground electrodes consisting of isolated tower legs (Leg 1, 2 3 and 4), full-scale tower base (RT) and the ring electrode (Ro). The DC resistance was the highest for Leg 1 (108.2 Ω), followed by Leg 3 (75.8 Ω), Leg 2 (64.6 Ω), Leg 4 (55.3 Ω), RT (18.5 Ω) and Ro (1.8 Ω). They [11] found that when the current increased from 600 A to 6 kA, the impulse resistances decreased by 47% for Leg 1, 40% for Leg 3, 22% for Leg 2 and 14% for Leg 4. They [9] noted that soil ionisation is more likely to occur with electrodes of small surface area and high soil resistivity (high Rdc) and high impulse currents. Similarly, Ali et al. [5] and Reffin et al. [7] observed that for some grounding systems, the higher the Rdc, the higher the impulse resistance reduction is, demonstrating strong current-dependent characteristics. On the other hand, Stojkovic et al. [14] discovered that under transients, the impulse impedance was higher, compared to the steady-state resistance, Rdc. They [14] described an increase of impulse impedance from its steady state values due to the influence of the large grounding grid configuration and its length. However, for the large grounding electrodes, 50 m × 52.5 m, and 0.8 m deep, Yang et al. [12] reported a reduction in impulse grounding resistance with increasing currents for different response times and injection points. All of these studies [5,6,7,8,9,10,11,12,13,14] showed that there are a few factors contributing to the impulse characteristics of grounding systems.



These also include the soil resistivity values, which are significantly affected by moisture content, temperature, types of soil, soil grain size and a variation in the thickness of soil layers from one site to another. Despite much research work [5,6,7,8,9,10,11,12,13,14] published on the impulse characteristics of grounding systems for different soil resistivities, the measurements are still important due to many variations in soil. Elzowawi et al. [15] performed a series of tests, having a two-layer soil model with various thicknesses and percentages of water content for both layers. They [16] found that differences in soil resistivity affect the impulse characteristics of grounding systems. This, in turn, can affect the ground potential rise (GPR), touch and step voltages. This shows that it is important to include soil resistivity values correlating with impulse characteristics of grounding systems. Further, it has been proven that the soil resistivity and permittivity affects the response of grounding electrodes subjected to lightning currents, and at various frequencies [16,17,18,19]. These studies [16,17,18,19] found that soil resistivity, hence impulse impedance, starts to increase at certain frequencies, depending on soil resistivity value. For low soil resistivity, an increase in impulse impedance starts at low frequency values, while for high soil resistivity, higher frequency values cause an increase in impulse impedance. This shows that the impulse characteristics of grounding systems depend strongly on the electrical properties of soil.



In this present paper, six grounding electrodes are tested under impulse conditions, and the results are analysed. The soil resistivity of each site and the Rdc of grounding electrodes are measured in order to predict the type of soil most suitable for GDSR and electrode arrangement. These ground electrodes are tested under various magnitudes of current, which provide information about the suitability of these ground electrodes to be used for low or high voltage system levels. Further, this will help power engineers to design earth electrodes, with consideration of the ionization process in soil. Electric field distribution is also computed using Finite Element Method (FEM) software for all the electrodes installed in different soil media.




2. Experimental Arrangement


In previously published work [5], various ground electrodes were installed in low resistivity soil. In this paper, similar arrangements of ground electrodes, as in Ref. [5] are used and installed in four sites, including the site previously published in work [5]. All these six configurations, with their dimensions, are summarized in Table 1. The soil resistivity of each test site is first measured using the Wenner method. The measured soil resistivity data is then processed into the RESAP module of Current Distribution, Electromagnetic Fields, Grounding and Soil Structure Analysis (CDEGS) [20], which is interpreted into 2-layer soil model. Table 2 summarizes the computed resistivity data for all locations. Soil resistivity data for site 3 is obtained from Ref. [5], which has the lowest soil resistivity among all three sites.



The Rdc measurements are carried out using the Fall-of-Potential (FoP) method. The results of the measured Rdc for different configurations in various soil resistivity are presented in Table 3. As is expected, ground electrodes at site 2 have the highest measured RDC because of their relatively high resistivity. It was noticed that all the rods are buried within the depth of the upper layer of soil resistivity, ρ1, thus, a ratio of ρ1 to the Rdc is taken, and summarized in Table 4. As can be seen in Table 4, the highest ratios are seen for site 2, with the highest ρ1, followed by site 1 and site 3. However, when comparisons between conf. 1 and conf. 4, conf. 2 and conf. 5, conf. 3 and conf. 6 are made, the highest percentage is seen for site 3 (with the lowest soil resistivity), followed by site 2 and 1. This can be an indication that GDSR can reduce the Rdc more significantly than conventional electrodes in low resistivity soil.



In this work, a similar configuration of remote earth, as demonstrated in previous work [5] is used, but this time, installed at all three locations. Using a Fall-of-Potential (FOP) method, Rdc for remote earth installed at sites 1, 2 and 3, and are found to be 8.8 Ω, 16.8 Ω and 4.8 Ω, respectively. All of these ground resistance values of remote earth are lower than the electrodes under test. This complies with the IEEE Standard 81 [4], in which the earth resistance of remote earth should be lower than the electrode under test when performing impulse tests on grounding systems. For site 3, the test circuit and arrangement are placed as in previously published work [5], with the impulse generator capable of generating high voltages up to 1200 kV and high current impulses up to 30 kA. On the other hand, for sites 1 and 2, a similar test arrangement and test circuit are applied as in previous work [9,10], with a smaller impulse generator, capable of generating high voltages up to 300 kV and high current impulses up to 10 kA. The impulse generator used for testing electrodes at site 3, has 6 stages; each stage can generate up to 200 kV, and a capacitance per stage of 1 μF, while the impulse generator used for testing electrodes at sites 1 and 2 consists of 3 stages, with each stage capable of generating up to 100 kV, with the capacitance per stage of 2 μF.



Figure 1 shows the test arrangement adopted in this study, which is similar to the filed patent [21], and used in References [5,7,8]. In this arrangement, a diesel generator is used to feed the power to the impulse generator, using a power cable, 1. The grounded terminal of the impulse generator is grounded to the remote earth, where its Rdc is lower than the Rdc of grounding systems under tests, with the meshed copper wires, 2. The live terminal of the impulse generator is connected to the grounding system under tests, where these copper mesh wires go through a current transformer for current measurements. The same connection goes to the grounding system under tests, branched out to a resistive divider, with the meshed copper wires, 2, for voltage measurements. This potential divider is grounded with a single rod electrode. Two separate units of Digital Storage Oscilloscopes (DSOs) are used to capture the voltage and current signals separately. Coaxial cables, 3, are connected to the current transformer and resistive divider of these DSOs.




3. Experimental Results


In this work, the effectiveness of GDSR and other electrodes’ arrangement in different soil resistivities, is studied. Impulse tests are conducted on all electrodes with different current magnitudes. Both voltage and current impulse shapes for all electrode configurations are found to be similar, with fast rise times and fast decay on the voltage and current traces (see Figure 2 and Figure 3 for charging voltage at 30 kV and 150 kV, respectively) observed. However, the time to peak current, and time for current to discharge to zero, are found to be dependent on voltage magnitudes, electrode configurations and soil resistivity. For these reasons, to provide a better analysis on the performance of these electrodes under high impulse currents and various factors, the results are presented in several sub-sections; time to peak current, time to discharge to the ground, and impulse resistance for various earth electrode configurations and soil resistivity. Evidence of hysteresis can also be seen for all configurations, installed at all sites. Figure 4 shows the v–i loops for configuration 1, installed at site 2, at various levels of charging voltage. As can be seen, at lower charging voltage, 30 kV, the v–i plot shows a small loop, while at higher charging voltage, a bigger ‘loop’ is formed. The authors include the dotted lines, to indicate the v–i at the front time. Similar v–i plots are obtained for other configurations, and at various sites.



3.1. Time to Peak Current


For all testing on tested electrodes, the charging voltage levels of the impulse generator are gradually increased. Both voltage and current impulse shapes for all electrode configurations and for all sites, are found to be similar, with fast rise times on both voltage and current traces (see Figure 2 and Figure 3) being observed. Close examination of the current and voltage traces shows that the peak voltage occurs at the same time as the peak current for all configurations and for all sites, indicating the resistive behavior of the earth electrodes. Figure 5, Figure 6 and Figure 7 show the time to peak current versus the peak current for earth electrodes with different configurations and voltage magnitudes for sites 1, 2 and 3, respectively. In some studies, [22,23], the time to peak current is thought to be related to the rate of propagation of the ionization process in the soil. Thus, it would be expected that at high voltages and in high resistivity soil (high Rdc), larger ionization regions would be produced, generating a faster rate of conduction growth compared to those of low voltage and high Rdc. Their study [22] has found that the time to peak current is lower for higher conductivity soil and decreases with voltage magnitudes. Similarly, in this study, it is observed that the time to peak current is found to be at a faster rate and independent from the electrode configurations at higher current magnitudes (see Figure 5, Figure 6 and Figure 7). When these times to current peak are plotted for each configuration for different sites, as shown in Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13, respectively, for configurations 1, 2, 3, 4, 5 and 6, it is noticed that the time to peak current for configurations 2, 3, 4, 5 and 6, at site 2, are faster than those obtained at site 1, despite these configurations at site 2 having higher Rdc than the configurations at site 1. The faster time for these configurations at site 2 could be caused by faster growth of the ionization process in high resistivity soil (site 2), which is thought to contribute to the presence of more air voids between the grains of the soil and air spaces at the interface between the soil particles and the earth electrodes in high resistivity soil. This is different than that observed in earlier mentioned publications [22], which found a faster time to peak current in low resistivity soil. Table 5 and Table 6 summarise the results of different ground electrode configurations and soil resistivities, respectively, on the time to peak current.




3.2. Time for Current to Discharge to Zero


It is observed that the time for the current trace to discharge to zero, to, is different for different earth electrodes and soil resistivities. As described in References [5,7,8], the time for the current to discharge to zero, to, indicates how effective the grounding system is in discharging high current to the ground and the resistive behavior of grounding systems, i. e. the current signal will decrease at a slower rate for relatively large values of resistance, compared to those for small resistance values. Figure 14, Figure 15 and Figure 16 show the time for the current trace to discharge to zero, respectively, for sites 1, 2 and 3. As generally seen in the figures, the time for the current trace to discharge to zero decreases with increasing applied voltage for all sites, except for site 3, which is found to be weak dependent on applied voltage for all configurations, except for configuration 4. The decrease of time for the current trace to discharge to zero for ground electrodes installed at sites 1 and 2 is thought to be related to the resistive behavior of grounding systems. It is likely that at low voltages and for grounding systems with high Rdc, a slower rate for current signal to discharge is caused by the high value of the resistance. In this work, it is found that most earth electrodes with low Rdc have faster discharging times due to the relatively low value of the resistance in comparison to the high Rdc.



The times for current to discharge to zero for different sites are also compared, as shown in Figure 17, Figure 18, Figure 19, Figure 20, Figure 21 and Figure 22, respectively, for configurations 1, 2, 3, 4, 5 and 6. It can be seen that the higher the Rdc and soil resistivity, the slower the time taken for currents to discharge to zero. This shows that it is important to have grounding systems with low Rdc, to provide effective discharge of the current to the ground. Table 7 and Table 8 summarise the results of different ground electrode configurations and soil resistivity, respectively, on the time taken for the current to discharge to zero.




3.3. Impulse Impedance, Zimpulse


In this study, Zimpulse values are estimated and expressed as the ratio of the peak voltage to the peak current, as suggested in previously published work [5,7,8]. It is observed that the impulse resistance decreases with increasing currents for configuration 1 for all sites, whereas Zimpulse is found to be independent of the current magnitudes for other configurations (see Figure 23, Figure 24 and Figure 25, respectively, for sites 1, 2 and 3). This could be caused by high Rdc values of configuration 1, in comparison to other Rdc values, as presented in Table 2. The findings are similar to those obtained in many studies [7,8], [10,11] and [22], showing that the degree of non-linearity of soil conduction is dependent on Rdc ground resistance values, in which the lower the Rdc is, the lower the rate of reduction of Zimpulse with increasing current is.



It was also found that Zimpulse is relatively low in low resistivity soil. It is also observed that the earth electrodes in high resistivity soil (site 4) have a significant reduction in Zimpulse with increasing current magnitudes (for all configurations) and the reduction in Zimpulse becomes less current-dependent for earth electrodes in low resistivity soil (site 3). This is similar to the results observed in References [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20], which suggested that the decrease in Zimpulse with current magnitudes is due to an ionisation process in the soil. In high resistivity soil, more field enhancement could have taken place due to more air voids, hence more non-linearity in Zimpulse, in comparison to low resistivity soil.



When Zimpulse values for each configuration for different sites are compared, it shows that Zimpulse values are low for configurations 2, 3, 4, 5 and 6 in site 3, followed by site 1, due to their low resistivity and relatively low Rdc. Figure 26, Figure 27, Figure 28, Figure 29, Figure 30 and Figure 31, respectively, show configurations 1, 2, 3, 4, 5 and 5 installed at all three sites. However, for configuration 1, little difference in Zimpulse values for both sites 1 and 2 is observed. Table 9 and Table 10 summarise the results of different ground electrode configurations and soil resistivity, respectively, on the Zimpulse.





4. Simulation Work


4.1. Simulation Set up


In this paper, Finite Element Method (FEM) COMSOL Multiphysics software is used to obtain the electric field profile of each configuration installed at three sites. For each configuration, three layers of medium are considered, i.e., air, upper soil layer and bottom soil layer are modelled in FEM, where the conductivity of soil is an inverse of the soil resistivity values, presented in Table 2 for the three sites, with the electrical conductivity of the air at 1.8 × 10−14, as suggested in [24]. FEM is first used to compute for Rdc values for each configuration, installed at all sites. Earth electrodes are carefully drawn and modelled, close to the materials, configurations and installation depth of tested ground electrodes, as presented in Section 2 of this paper, i.e., the rod electrodes are 1.3 m inside the ground and 0.2 m in the air (see Figure 32). For this simulation, 1 A current was injected into the grounding system, and –1 A current was injected to the return electrode. A relative permittivity value of 1 was used for air, while 9 was used for soil. The relative permittivity, εr was assumed as 9 throughout the simulation, based on the published work by Srisakot et al. [25], who found that the εr was in a range of 5 to 12 for sand mixed with 1% to 10% percent of water content. It was also listed in [26] that the εr ranged between 4 and 6, and 10 and 30, respectively, for dry and wet sand. Due to the condition of the original soil, which had some mixture of water content, the εr of 9 was used, which is the value between the εr of dry and wet sand. This εr of 9 is also close to the value used in Reference [18], which was 10. However, it was noticed that no difference in electric field profile was seen when εr was changed to 40. This is because, the main parameters that change the electric field profile are the soil resistivity, or electrical conductivity of the soil that surrounds the ground electrode, which are pre-dominant factors, in comparison to εr. These electrical conductivity values are inverse to the soil resistivity, shown in Table 2. For the FEM simulation of electrodes under high impulse conditions, current signals obtained from experimental work are injected into the ground electrode, while the electric field values are measured at the bottom of rod electrodes.



Simulation of Rdc values was also computed, using the MALZ module of the CDEGS [19]. The two-layers soil resistivity profile computed using the RESAP module of the CDEGS [19] was used in this simulation, where the results are presented in Table 2. In CDEGS [19], the grounding system is defined as installed 0.3 m below the ground’s surface. A return conductor, having a length of 200 mm and a diameter of 8 mm, with its embodiment made of stainless steel, is placed 10 m from configurations 1 and 4, 20 m away from configurations 2 and 5, and 30 m away from configurations 3 and 6. These distances of return conductor are based on the suggested distance in IEEE Standard 81 [4], in which the return conductor needs to be placed at least five times the largest/diagonal length of the grounding grid. The same placement of the return conductor for the current, which is defined as the current probe, is also used during the measurement of Rdc for all configurations, at all sites. For conventional rod electrodes, 40% copper-clad steel, and the GDSR made of stainless steel, are defined in the CDEGS [19] simulation.




4.2. Computed Results


Figure 33 shows the typical Rdc graph obtained by FEM computation for configuration 1, at site 1. Similar graphs are seen for other configurations, and at various sites. Table 11 shows the experimental and simulated test results. Close computed results are obtained for FEM and CDEGS [19]. However, as can be seen in Table 11, measured results are found to be different than the computed results, which can be due to the factors mentioned in IEEE Std 81 [4], such as the existence of nearby metallic structures and ground wires, the presence of reactance in the test circuit which may come from the grounding electrodes and the cables used during the testing, and reactance from the test circuit and large size of the grounding grid. In order to minimize the discrepancies between the calculated values, where the calculated values rely heavily on the accuracy of the earth resistivity measurement, as is suggested in IEEE Std 81 [4], the soil resistivity measurements are carried out on the same day as Rdc measurements. Differences between measured and calculated results can also be seen in previous work [8,26]. In this paper, measured results of Rdc are used as a reference throughout the paper, similar to those presented in [8,26], when CDEGS [19] were utilized and where measured results were used as a reference and comparison to the Zimpulse obtained under high impulse conditions.



In the simulated results, electric field values at rod electrodes are labelled as sections A, B and C, whereas copper strips are presented as sections D and E. Figure 34, Figure 35, Figure 36, Figure 37, Figure 38 and Figure 39 show the distribution of electric field, respectively for configurations 1, 2, 3, 4, 5 and 6, installed at site 1. Similar electric field profiles are seen for the same configurations installed at sites 2 and 3. Figure 40, Figure 41, Figure 42, Figure 43, Figure 44 and Figure 45 show the highest values of electric field at the rod electrode, installed at all sites, respectively for configurations 1, 2, 3, 4, 5 and 6. As can be seen from Figure 39, Figure 40, Figure 41, Figure 42, Figure 43 and Figure 44, for the same configurations, configurations installed at site 2 (with the highest soil resistivity) have the highest electric field. Large differences between electric field values for site 2 and the others are observed, particularly at high current magnitudes, with more than 70% difference in range at high current magnitudes between site 2 and the others. It is the same case for the configurations with the copper strips (i.e., configurations 2, 3, 5 and 6, as shown, respectively, in Figure 46, Figure 47, Figure 48 and Figure 49), where the copper strips are indicated as sections D and E, and the highest electric field values are observed for configurations installed at site 2, followed by sites 1 and 3. As is expected, the electric field is high in a high level of soil resistivity. Despite lower current magnitudes in high resistivity (site 2), configurations installed at site 2 show the highest electric field, indicating that soil resistivity is a predominant contributing factor to electric field values. This is also similar to the Zimpulse results presented in Section 3.1, in which all Zimpulse values of most ground electrodes are the highest for configurations installed at site 2. When electric field values at rod electrodes are plotted for all configurations installed at all sites, as shown in Figure 50, Figure 51 and Figure 52 for sites 1, 2 and 3, respectively, it can be seen that configuration 4 has the highest electric field, followed by configurations 1, 5, 2, 6 and 3 at all sites. Therefore, for a similar configuration, configurations with GDSR have higher electric field values than the conventional electrodes. Significant differences are observed as the current magnitudes are increased, while electric field values of all configurations for site 3 (with the lowest soil resistivity) are almost constant, independent of current magnitudes. This is similar to the Zimpulse values of configurations at site 3, which are found to be independent of current magnitudes.



In this study, FEM is performed to determine the electric field for various configurations, and soil resistivity values, which may not be achieved by experimental work. As is generally known, for the ionization process to occur, electric field value will have to exceed the critical electric field value of the grounding system. Thus, it would be expected that the ionization process would occur in grounding systems with a high electric field. The finding in this paper, from FEM simulation, found that the highest electric field values are seen for configurations at site 2. These observations again support the experimental results, where the high non-linearity, or reduction in ground impedance values, is significant for grounding systems with high electric field (i.e., configurations at sites 1 and 2), and the smallest electric field values are noticed for configurations at site 3, where Zimpulse for configurations at site 3 are almost constant, independent of current magnitudes due to its smaller electric field value, in comparison to other configurations installed at other sites. Table 12 summarises the results of different ground electrode configurations and soil resistivity on the computed electric field values.





5. Conclusions


The effects of earth electrode configuration and soil resistivity on current rise time, time taken for current to discharge to ground and Zimpulse are investigated experimentally at field sites, using computational methods. Six configurations of earth electrodes installed at various sites are tested both at steady-state and under high impulse conditions. It has been observed that a significant reduction in Rdc is found in site 3 (low soil resistivity), when a conventional electrode is replaced with a GDSR.



When subjected under high impulse conditions, it is established that the time to peak current decreases with voltage magnitudes. However, faster time to peak current is seen for configurations installed at site 2 (high soil resistivity), than those at site 1. This is thought to be due to the larger number of air voids in high resistivity soil (site 2), thus providing faster growth of ionization, as seen in some publications. In addition, it is also observed that most earth electrodes with low Rdc have faster discharging times due to the relatively low value of the resistance, compared to high Rdc. The time for current to discharge to zero, which provides an indication of the effectiveness of the grounding systems in discharging high current to the ground, is also analysed. It is discovered that there is a slower time for current to discharge to zero for grounding systems with high soil resistivity, and high Rdc.



When Zimpulse with increasing currents are plotted, it is found that Zimpulse values are dependent on current magnitudes for configuration 1, and become weak dependent on current magnitudes for grounding systems with lower Rdc. Higher Zimpulse is also observed for the grounding systems with high Rdc. On the other hand, when FEM is performed for all the grounding systems using the current magnitudes obtained from experimental data, it is found that there is a higher electric field in electrode configurations installed at site 2 (high resistivity soil). For configurations installed at site 3 (low soil resistivity), low electric field values are achieved independently of current magnitudes. Large differences in computed electric field values at the rod electrode and copper strip are seen between configuration 1 and 4, and the smallest difference is seen between configurations 3 and 6 (large grounding configurations).
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Figure 1. Impulse test set up used for testing grounding systems. 
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Figure 2. Voltage and current traces for configuration 1 installed at site 2, at a charging voltage of 30 kV. 
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Figure 3. Voltage and current traces for configuration 2 installed at site 4, at a charging voltage of 150 kV. 






Figure 3. Voltage and current traces for configuration 2 installed at site 4, at a charging voltage of 150 kV.
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Figure 4. V–I loops for configuration 1, installed at site 2 at various levels of charging voltage. 
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Figure 5. Time to peak current versus peak current for all configurations installed at site 1. 
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Figure 6. Time to peak current versus peak current for all configurations installed at site 2. 
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Figure 7. Time to peak current versus peak current for all configurations installed at site 3. 
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Figure 8. Time to peak current versus peak current for configuration 1 installed at all sites. 
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Figure 9. Time to peak current versus peak current for configuration 2 installed at all sites. 
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Figure 10. Time to peak current versus peak current for configuration 3 installed at all sites. 
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Figure 11. Time to peak current versus peak current for configuration 4 installed at all sites. 
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Figure 12. Time to peak current versus peak current for configuration 5 at all sites. 
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Figure 13. Time to peak current versus peak current for configuration 6 at all sites. 
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Figure 14. Time for current to discharge to zero for all configurations installed at site 1. 
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Figure 15. Time for current to discharge to zero for all configurations installed at site 2. 
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Figure 16. Time for current to discharge to zero for all configurations installed at site 3. 
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Figure 17. Time for current to discharge to zero for configuration 1 installed at all sites. 
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Figure 18. Time for current to discharge to zero for configuration 2 installed at all sites. 
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Figure 19. Time for current to discharge to zero for configuration 3 installed at all sites. 






Figure 19. Time for current to discharge to zero for configuration 3 installed at all sites.
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Figure 20. Time for current to discharge to zero for configuration 4 installed at all sites. 
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Figure 21. Time for current to discharge to zero for configuration 5 installed at all sites. 
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Figure 22. Time for current to discharge to zero for configuration 6 installed at all sites. 
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Figure 23. Zimpulse for all configurations installed at site 1. 
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Figure 24. Zimpulse for all configurations installed at site 2. 
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Figure 25. Zimpulse for all configurations installed at site 3. 
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Figure 26. Zimpulse for configuration 1 installed at all sites. 
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Figure 27. Zimpulse for configuration 2 installed at all sites. 
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Figure 28. Zimpulse for configuration 3 installed at all sites. 
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Figure 29. Zimpulse for configuration 4 installed at all sites. 
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Figure 30. Zimpulse for configuration 5 installed at all sites. 
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Figure 31. Zimpulse for configuration 6 installed at all sites. 
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Figure 32. Example of a Finite Element Method (FEM) model used for configuration 1. 
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Figure 33. Typical Rdc versus observation point distance for configuration 1 at site 1. 
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Figure 34. Typical electric field distribution for configuration 1. 
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Figure 35. Typical electric field distribution for configuration 2. 
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Figure 36. Typical electric field distribution for configuration 3. 
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Figure 37. Typical electric field distribution for configuration 4. 
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Figure 38. Typical electric field distribution for configuration 5. 
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Figure 39. Typical electric field distribution for configuration 6. 
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Figure 40. Highest electric field values at rod electrode, versus applied current for configuration 1, installed at various sites. 
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Figure 41. Highest electric field values at rod electrodes versus applied current for configuration 2, installed at various sites. 
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Figure 42. Highest electric field values at rod electrodes versus applied current for configuration 3, installed at various sites. 
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Figure 43. Highest electric field values at rod electrodes versus applied current for configuration 4, installed at various sites. 
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Figure 44. Highest electric field values at rod electrodes versus applied current for configuration 5, installed at various sites. 






Figure 44. Highest electric field values at rod electrodes versus applied current for configuration 5, installed at various sites.



[image: Energies 13 03538 g044]







[image: Energies 13 03538 g045 550] 





Figure 45. Highest electric field values at rod electrodes versus applied current for configuration 6, installed at various sites. 
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Figure 46. Highest electric field values at strip conductor versus applied current, for configuration 2, installed at various sites. 
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Figure 47. Highest electric field values at strip conductor versus applied current, for configuration 3, installed at various sites. 






Figure 47. Highest electric field values at strip conductor versus applied current, for configuration 3, installed at various sites.
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Figure 48. Highest electric field values at strip conductor versus applied current, for configuration 5, installed at various sites. 
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Figure 49. Highest electric field values at strip conductor versus applied current, for configuration 6, installed at various sites. 
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Figure 50. Highest electric field values at rod electrode versus applied current for all configurations, installed at site 1. 
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Figure 51. Highest electric field values at rod electrode versus applied current for all configurations, installed at site 2. 
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Figure 52. Highest electric field values at rod electrode versus applied current for all configurations, installed at site 3. 






Figure 52. Highest electric field values at rod electrode versus applied current for all configurations, installed at site 3.
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Table 1. Details of grounding systems configurations used in the study
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Configurations of Grounding Systems






	
Configuration 1

	
Configuration 4
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Configuration 2

	
Configuration 5
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Configuration 3

	
Configuration 6
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Table 2. Computed 2-layer soil resistivity model at different locations.






Table 2. Computed 2-layer soil resistivity model at different locations.





	Location
	ρ1 (Ω·m−1)
	h1 (m)
	ρ2 (Ω·m−1)
	h2 (m)





	Site 1
	57.2
	6.0
	758.1
	∞



	Site 2
	160.4
	4.3
	359.6
	∞



	Site 3
	3
	4.9
	0.2
	∞
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Table 3. Measured resistance at steady state (Rdc) for all configurations at different locations.
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Conf.

	
Earth Electrode

	
Rdc (Ω) of Ground Electrodes




	
Site 1

	
Site 2

	
Site 3






	
1

	
A vertical single rod electrode

	
67.02

	
104.4

	
75.52




	
2

	
2 parallel vertical rod electrodes

	
25.02

	
44.8

	
27.56




	
3

	
3 parallel vertical rod electrodes

	
16.6

	
28.5

	
17.81




	
4

	
GDSR

	
53.0

	
67.2

	
18.5




	
5

	
GDSR in parallel with vertical one rod electrode

	
23.4

	
37.6

	
14.6




	
6

	
GDSR with spike rods in parallel with two vertical rods

	
16.21

	
26.6

	
11.33
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Table 4. Ratio of upper layer of soil resistivity, ρ1 to Rdc.
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Conf.

	
Earth Electrode

	
Rdc (Ω) of Ground Electrodes




	
Site 1

	
Site 2

	
Site 3






	
1

	
A vertical single rod electrode

	
0.85

	
1.54

	
0.04




	
2

	
2 parallel vertical rod electrodes

	
2.28

	
3.58

	
0.11




	
3

	
3 parallel vertical rod electrodes

	
3.44

	
5.63

	
0.17




	
4

	
GDSR

	
1.08

	
2.39

	
0.16




	
5

	
GDSR in parallel with vertical one rod electrode

	
2.44

	
4.27

	
0.21




	
6

	
GDSR with spike rods in parallel with two vertical rods

	
3.53

	
6.03

	
0.26
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Table 5. Summary of the Effect of Configurations on Time to Peak Current.
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	Site
	Time to Peak Current for Various Configurations





	1
	For the current magnitudes of below 2 kA, the time to peak current is dependent on the electrode configurations; conf. 6 takes the slowest time to peak current, followed by conf. 5, 4, 3, 2 and 1.

For the current magnitudes of above 2 kA, the time to peak current is around 10 μs, independent of electrode configurations, constant with increasing currents



	2
	For the current magnitudes of below 2.5 kA, the time to peak current is dependent on the electrode configurations; conf. 1 takes the slowest time to peak current.

For the current magnitudes of above 2.5 kA, the time to peak current is around 8 μs, independent of electrode configurations, constant with increasing currents.



	3
	For the current magnitudes of below 9 kA, the times to peak current are quite close to each other; conf. 5 takes the slowest time to peak current.

For the current magnitudes of above 9 kA, the time to peak current is around 7 μs, independent of electrode configurations, constant with increasing currents.
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Table 6. Summary on the Effect of Soil Resistivity on Time to Peak Current.
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Configuration

	
Time to Peak Current at Various Sites






	
1

	
Conf. 1 installed at site 2 has the highest time to peak current. Time to peak current decreases with increasing current, for conf. 1 at all sites




	
2

	
Configurations installed at site 1 have the highest time to peak current. Time to peak current decreases with increasing current, for all sites




	
3




	
4




	
5




	
6
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Table 7. Summary on the Effect of Configurations on Time for Current to Discharge to Zero.
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Site

	
Time for Current to Discharge to Zero for Various Configurations






	
1

	
The time for the current to discharge to zero decreases with increasing applied voltage for all configurations.

Configuration 1 takes the slowest time for the current to discharge to the ground, followed by configuration 4, 2, 5, 3 and 6.

This trend shows that the time for the current to discharge to the ground is highly dependent on Rdc values, where the higher the Rdc value, the longer the time taken for the current to discharge to zero.




	
2




	
3

	
Only configuration 4 has a significant reduction of time for the current to discharge to zero with increasing applied voltage, while the time for the current to discharge to zero for other configurations is nearly constant with increasing applied voltage, hardly dependent on Rdc values.
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Table 8. Summary of the Effect of Soil Resistivity on Time for Current to Discharge to Zero.
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Configuration

	
Time for Current to Discharge to Zero at Various Sites






	
1

	
All configurations installed at sites 1 and 2 have the time for the current to discharge to zero decrease with increasing applied voltage, while configurations installed at low soil resistivity (site 3) are almost constant with increasing applied voltage (except for configuration 4).




	
2




	
3




	
4




	
5




	
6
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Table 9. Summary of the Effect of Configurations on Impulse Impedance, Zimpulse.
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Site

	
Time for Current to Discharge to Zero for Various Configurations






	
1

	
The higher the Rdc, the higher is the Zimpulse for all sites.

The non-linearity, or reduction of Zimpulse with increasing current is clearly seen for configurations 1 and 4 (high Rdc). While, Zimpulse is almost constant with increasing current for other configurations.




	
2




	
3
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Table 10. Summary of the Effect of Soil Resistivity on Impulse Impedance, Zimpulse.
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Configuration

	
Zimpulse at Various Sites






	
1

	
Close Zimpulse values for configuration 1 installed at sites 1 and 2.

A significant reduction in Zimpulse values with increasing current for configuration 1 installed at sites 1 and 2, while Zimpulse are almost constant, independent of current magnitudes for configuration 1 installed at site 3, due to low soil resistivity.




	
2

	
Zimpulse values for configurations 2–6 installed at site 2 are always higher than those installed at site 1.

A significant reduction in Zimpulse values for configurations installed at sites 1 and 2, while Zimpulse values are almost constant, independent of current magnitudes for configurations installed at site 3, due to low soil resistivity.




	
3




	
4




	
5




	
6
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Table 11. Measured and Computed Rdc Values for Tested Electrodes of Various Configurations Installed at Various Sites.






Table 11. Measured and Computed Rdc Values for Tested Electrodes of Various Configurations Installed at Various Sites.





	
Conf.

	
Earth Electrode

	
Rdc Values (Ω)




	
Site 1

	
Site 2

	
Site 3




	
Meas.

	
Comp.

	
Meas.

	
Comp.

	
Meas.

	
Comp.




	
FEM

	
CDEGS

	
FEM

	
CDEGS

	
FEM

	
CDEGS






	
1

	
A vertical single rod electrode

	
67.02

	
35.4

	
34.9

	
104.4

	
100.1

	
97.1

	
75.52

	
1.84

	
1.7




	
2

	
2 parallel vertical rod electrodes

	
25.02

	
13.3

	
15.2

	
44.8

	
36.5

	
40.3

	
27.56

	
0.68

	
0.65




	
3

	
3 parallel vertical rod electrodes

	
16.6

	
18.3

	
10.2

	
28.5

	
23.14

	
26.1

	
17.81

	
0.43

	
0.42




	
4

	
GDSR

	
53.0

	
25.4

	
28.3

	
67.2

	
71.1

	
78.3

	
18.5

	
1.31

	
1.37




	
5

	
GDSR in parallel with vertical one rod electrode

	
23.4

	
11.78

	
14.2

	
37.6

	
32.9

	
39.4

	
14.6

	
0.61

	
0.61




	
6

	
GDSR with spike rods in parallel with two vertical rods

	
16.21

	
7.69

	
10.3

	
26.6

	
21.5

	
26.8

	
11.33

	
0.4

	
0.38
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Table 12. Summary of the Effect of Soil Resistivity and Electrode Configuration on the Electric Field Values at Rod and Strip Electrodes.






Table 12. Summary of the Effect of Soil Resistivity and Electrode Configuration on the Electric Field Values at Rod and Strip Electrodes.





	
Configuration

	
Electric Field Values for Various Configurations






	
1

	
Electric field values increase with increasing current magnitudes for all configurations, with the highest electric field occurring at the rod electrodes.

For all sites, configuration 4 has the highest electric field, followed by configuration 1.

The largest difference in electric field is seen between configuration 1 and 4, in comparison to configuration 2 and 5, and 3 and 6.

For the same configuration, site 2 has the highest electric field, and a steep increase with increasing current magnitudes, with site 3 having the smallest electric field, with a small increase in electric field with increasing current magnitudes, for all configurations.




	
2




	
3




	
4




	
5




	
6




	
2




	
3




	
4




	
5




	
6
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