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Table 1. Critical parameters of the cables.

Cable VL MI MC dI OP

XLPE-0 110/63.5 XLPE Cu 18.5 1998-
XLPE-15 110/63.5 XLPE Cu 18.5 1999–2015
XLPE-30 110/63.5 XLPE Cu 18.5 1985–2015

VL—voltage level in kV, MI—insulation material, MC—conductor material, dI—insulation thickness in mm,
OP—operation period. Other parameters such as cross-linking method are unknown.

2.2. Cable Thermal Parameters and Ampacity Measurement

By means of the high-voltage cable thermal parameter detection control platform, as illustrated in
Figure 1, the three cables with the length of 1.5 m were taken to test its ampacity under the air-laying
mode. The critical thermal parameters and ampacity of these three cables are listed in Table 2, where
volumetric thermal capacity δ of XLPE was measured by differential scanning calorimetry (DSC) at the
temperature of 30 ◦C; thermal resistance R of XLPE and thermal conductivity λ of XLPE were deducted
by thermal circuit model and its Matlab program, and results are shown in the Appendix A; ambient
temperature θO and conductor steady-state temperature θC were measured by thermocouples, and the
ampacity under the air-laying mode IA was tracked by the Matlab program.

 
(a)                                   (b) 

Figure 1. High-voltage cable thermal parameter detection control platform. (a) Ampacity experimental
cable and AC constant current source, (b) thermal compensation system and paperless recorder.

Table 2. Critical thermal parameters and ampacity of the cables.

Cable � (J/K·m3) R (K·m/W) � (W/K·m) � O (◦C) � C (◦C) IA (A)

XLPE-0 1.94 × 106 3.23 0.31 17.7 89.6 1244.07
XLPE-15 1.96 × 106 3.45 0.29 17.7 89.7 1222.99
XLPE-30 2.07 × 106 5.26 0.19 17.7 90.2 1096.47

δ—volumetric thermal capacity of cross-linked polyethylene (XLPE), R—thermal resistance of XLPE, λ—thermal
conductivity of XLPE, θO—ambient temperature, θC—conductor steady-state temperature and IA—ampacity under
the air-laying mode.

From the results in Table 2, it can be verified that the thermal parameters and ampacity fluctuated
with different conditions (thermal history, operating years or material characteristic) of the XLPE
insulation. Therefore, it is meaningful to provide new estimations on cable ampacity to improve the
current research on cable ampacity.

The structural model and thermal parameters in Table 2 of these cables with the same specification
is the foundation of the subsequent analysis on simulation of different laying modes based on Comsol
Multiphysics. The configuration of the experimental cables is shown in Figure 2.
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Figure 2. Configuration of the ampacity experimental cable and structural model used for Comsol
Multiphysics. Rx is the corresponding radius of each layer.

2.3. Simulation of Different Laying Modes of Cables

Comsol Multiphysics was adopted to simulate different laying modes of the XLPE cables.
The thermal parameters of the three cables listed in Table 2 were extracted to construct the simulation
model, respectively, and we found that the simulation results had the same changing tendency.
The permanents of XLPE-0 were used to construct the following simulation model. The establishment
of thermal field model and determination of the boundary conditions are not the highlight in this
paper, the detail can be referred to literature [25–27].

Firstly, we constructed the structural model (Figure 2) under the air-laying mode on the Comsol
Multiphysics and we found that the simulative ampacity approached to the practical experiment,
which was 1152 A. Therefore, it is assured that the following simulative results are effective.

Secondly, we defined cable ampacity under air-laying mode as reference cable ampacity IR (IR =

1200 A) and constructed the structural models into three different laying modes, including pipeline,
ground, and tunnel-laying modes based on Comsol Multiphysics, as shown in Figure 3.

Thirdly, we applied the 1.2 IR and the 0 IR into the simulated cables, which were laid in pipeline,
underground, and in the tunnel, respectively, and obtained the simulative melting and cooling curves
of three different laying modes that are shown in Figure 4a,b.

Figure 3. Cont.
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Figure 3. Schematic diagrams of the structural models of three different laying modes based on
Comsol Multiphysics.

  

(a) Simulative melting curves (b) Simulative cooling curves 

 

(c) Practical measured curves 

Figure 4. Simulative melting and cooling curves and practical measured curves of three different
laying modes.

2.4. Thermal Aging

The cable specimens with different operation years were formed into a group, and there were four
groups in total. The first group was the untreated group which played a role of reference. The second
group simulated the cable laying in the pipeline with the lowest heat dissipation efficiency. The third

242



Energies 2019, 12, 2994

group simulated the cable laying under the ground with the moderate heat dissipation efficiency.
The last group simulated the cable laying in the tunnel with the highest heat dissipation efficiency.

Thermal aging experiments were performed on the last three groups of the specimens.
Three modified aging ovens were used to control the heating and cooling process, which fitted
the corresponding simulative curves, and a 2 h constant temperature phase of 90 ◦C between the
heating and cooling phases were added to the thermal aging. The three phases, including heating,
holding, and cooling, were repeated 80 times in order to enlarge the differences among the specimens.
The practical temperature curves of the three different laying modes are shown in Figure 4c, measured
by the thermo-couple sensors.

2.5. Diagnostic Measurements

The Fourier transform infrared spectroscopy (FTIR), the differential scanning calorimetry (DSC)
measurement, X-ray diffraction (XRD), and the breakdown field strength measurement were adopted
to analyze the properties changes on the specimens after the thermal effects.

Micro-structure changes on the specimens were analyzed by the VERTEX 70 infrared spectrometer
manufactured by German. Each specimen was tested at 32 scans in the range of 600~3600 cm−1 with a
resolution of 0.16 cm−1 and the signal-to-noise ratio of 55,000:1. The obtained spectra were analyzed
by OPUS software.

Thermal properties changes on the specimens were analyzed by the DSC NETZSCH-DSC 214
instrument manufactured by German. Five milligram specimens were prepared to test, with the
program of two heating phases and a cooling phase under nitrogen atmosphere to avoid thermal
degradation. The temperature was increased from 25 to 140 ◦C at a rate of 10 ◦C/min and maintained
at 140 ◦C for 5 min, and then cooled to 25 ◦C. This scanning was repeated twice per measurement, and
the first cooling and second heating phases were analyzed in this paper.

Crystal structure changes on the specimens were analyzed by Bruker D8 ADVANCE X-ray
diffractometer manufactured by Germany. The experimental interval of Bragg angle was 2θ = 5◦–90◦
by step size of 0.02◦ with 0.1 s/step scan rate. The obtained data were analyzed by software of DIFFIAC
plus XRD Commander.

Electric properties changes of the specimens were analyzed by the ZJC-100 kV voltage breakdown
tester manufactured by China. Each specimen was cut into 50 × 50 × 0.5 mm to test, with the voltage
rising rate of 1 kV/s under the transformer oil. The valid AC breakdown field strength of each specimen
was measured 5 times to obtain the average breakdown field strength.

3. Results and Discussions

In the process of the thermal effects, the features of each laying mode from the heating and cooling
curves were observed in the results of Figure 4. Among the three laying modes, the pipeline mode
possesses the quick heating and slow cooling features, the ground mode possesses the moderate
heating and slow cooling features, and the tunnel mode possesses the slow heating and quick cooling
features. These differences led to the different statuses among the specimens with different operating
years. In the following parts, we will focus on the connection among the changes of micro-structure,
crystal structure, and external electrical property of each specimen in order to reveal the relationship
between the thermal effects and the cable ampacity.

3.1. Result of FTIR Spectroscopy Measurement

The oxidation process of XLPE under the thermal effects can generate major by-products of
thermal-oxidation, such as carbonyl groups and unsaturated groups, which can signify the aging status
of the specimens. Figure 5 is the FTIR spectra of each specimen whose wavenumber and absorbance
represent the kind and content of the corresponding group. The wavelengths of 720, 1471, 2856, and
2937 cm−1 are all caused by the vibration of the methylene band (-CH2-). Absorption peaks ranging
from 1700 cm−1 to 1800 cm−1 can be considered as the thermo-oxidative products [3]. Among of
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them, carboxylic acid absorption appears at 1701 cm−1, ketone absorption locates at 1718 cm−1, and
aldehyde absorption situates at 1741 cm−1. The peak at 1635 cm−1 is assigned to the unsaturated
groups absorption, which can indicate the decomposition process.

Figure 5. Fourier transform infrared spectroscopy (FTIR) spectra of the untreated specimens and the
treated specimens under thermal aging of three different laying modes. (a) the spare cable; (b) the cable
with service years of 15; (c) the cable with service years of 30.
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From Figure 5a, it is clear that some peaks in the range of 1500 to 1700 cm−1 are present after
the thermal effects. These peaks reflect a slight decomposition process on the backbone of the XLPE
macromolecules. This phenomenon can be associated with the thermal activation to the XLPE molecular
chain, which, as a consequence of the adequate motion of the molecular chain, leads to the generation
of a certain quantity of small chain segments, free polar groups, etc. On the other aspect, there are
no excessive displacement in the position of the peaks in the range of 1700 to 1800 cm−1 among the
specimens after thermal aging, which signifies the process of thermo-oxidation is moderate. Therefore,
it can be considered that the different thermal aging modes mainly have activated the motion of
macromolecular chains, but hardly cause the oxidative degradation in regard to the spare cable.

From Figure 5b, we can see the similar phenomenon happening on the specimens except for
Pipeline-15. Significant peaks in the range of 1700 to 1800 cm−1 are presented in Pipeline-15, which is
responsible for the aggravation of oxidative degradation. Moreover, there was a pronounced increase
in peaks in the range of 1600 to 1650 cm−1 in Ground-15, which indicates a dominant process of chains
scission occurs under the thermal effect of ground mode.

From Figure 5c, we can notice that quantities of small molecular chains have emerged on the
untreated one (XLPE-30) due to the long-term operation in actual condition. After the thermal aging
with different laying modes, it can be deduced that the thermal effects have sped up the decomposition
process on the molecular backbone of Ground-0 and Tunnel-0, and a certain quantity of broken
molecular chains have already transformed into oxidative groups in Pipeline-30. This indicates severe
oxidative degradation occurs in Pipeline-30. It may be admitted that the potential to resist oxidation of
XLPE-30 was weakened compared with XLPE-0.

In order to quantify the situation of oxidation and decomposition under the thermal effects,
carbonyl index and unsaturated band index were chosen for research. The definition of these two
indexes are as follows [3]:

CI = I1741/I1471, (1)

UBI = I1635/I1471, (2)

where carbonyl index (CI) is the relative intensities of the carbonyl band at 1741 cm−1 (aldehyde
absorption) to the methylene band at 1471 cm−1; unsaturated band index (UBI) is the relative intensities
of the unsaturated group at 1635 cm−1 to the methylene band at 1471 cm−1.

The two indexes are shown in Figure 6. It can be stated that the carbonyl index is decreased in
all the specimens compared with the untreated ones, except for Pipeline-15 and Pipeline-30, and the
unsaturated band index is increased except for Tunnel-15, Pipeline-15, and Pipeline-30. That means the
thermal effects aggravate basically the decomposition process of the specimens to generate a certain
quantity of broken molecular chains. The oxidation process was followed by chains scission and
formation of smaller chain segments, which would easily react with oxygen (O2) to transform into
oxidative groups. For Pipeline-15 and Pipeline-30, the broken molecular chain segments are prone to
transform into oxidative groups, probably due to the heating and cooling features of pipeline mode.
With regard to Tunnel-15, the two indexes are decreased, which symbolizes the optimization of the
micro-structure. As we demonstrated above, the status of the degradation and the stability of the
specimens after thermal effects are listed in Table 3.

Table 3. Status of the degradation and stability of the specimens after thermal effects.

Specimen Pipeline Ground Tunnel

XLPE-0 Improved Improved Improved
XLPE-15 Degraded Maintained Improved
XLPE-30 Degraded Improved Maintained
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Figure 6. Carbonyl index, CI, and unsaturated band index, UBI, of the untreated specimens and the
treated specimens under thermal aging of three different laying modes.

3.2. Result of DSC Measurement

With the program running, two consecutive scans were conducted on each specimen. The first
scan began by heating from 30 to 140 ◦C and then followed by cooling from 140 to 30 ◦C. The second
scan was excerpted in the same way as the first scan. The thermos-gram of the first heating phase
is commonly used for observing the thermal history and the current crystalline condition of the
specimens, which can also be analyzed by XRD measurement in Section 3.3. In order to avoid long
arguments, two phases were analyzed, including the first cooling and the second heating phase, which
can be analyzed on the ability to crystallize and the quality of the crystal structure of the specimens
after the thermal effects.
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Figures 7 and 8 show the thermos-grams of the two phases corresponding to the operating years of
each cable. The obtained parameters are listed in Table 4, where Tc is the crystallizing peak temperature,
ΔHc is the enthalpy of crystallization, Tm is the melting peak temperature, and ΔT = Tm − Tc is the
degree of supercooling, which is proportional inversely to the crystallization rate [22].

 

Figure 7. Heat flow as a function of measurement temperature in the first cooling of differential
scanning calorimetry (DSC). (a) the spare cable; (b) the cable with service years of 15; (c) the cable with
service years of 30.
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Figure 8. Heat flow as a function of measurement temperature in the second heating of differential
scanning calorimetry (DSC). (a) the spare cable; (b) the cable with service years of 15; (c) the cable with
service years of 30.
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Table 4. Parameters obtained from first cooling and second heating phases.

Specimen Tc (◦C) ΔHc (J/g) Tm (◦C) ΔHf (J/g) ΔT (◦C)

XLPE-0 91.8 −99.0 106.9 100.8 15.1
Pipeline-0 92.0 −108.8 107.6 116.6 15.6
Ground-0 89.7 −102.8 109.0 111.1 19.3
Tunnel-0 90.0 −110.8 108.0 117.2 18.0
XLPE-15 89.0 −93.4 104.0 98.7 15.0

Pipeline-15 88.2 −99.6 103.8 108.1 15.6
Ground-15 86.9 −93.4 105.0 101.9 18.1
Tunnel-15 87.8 −99.1 104.1 101.1 16.3
XLPE-30 89.5 −103.9 107.2 103.4 17.7

Pipeline-30 90.6 −103.0 106.6 110.5 16.0
Ground-30 90.9 −105.1 106.6 111.3 15.7
Tunnel-30 89.8 −104.5 107.1 106.4 17.0

Tc—crystallizing peak temperature, ΔHc—enthalpy of crystallization, Tm—melting peak temperature,
ΔH f —enthalpy of fusion and ΔT—super-cooling degree.

In Figure 7a, it is clearly observed that the exothermic peaks of Ground-0 and Tunnel-0 appear at
a slight lower temperature and the shapes become broader, compared to XLPE-0 and Pipeline-0, in the
first cooling phase. In Figure 8a, it can be found that melting peaks of all the treated specimens move
towards higher temperatures, but the endothermic peaks are expanded. That means that although the
thermal effects disperse the crystalline region, especially for Ground-0 and Tunnel-0, the main crystal
structure of each treated specimen is improved.

In Figure 7b, exothermic peaks of all the treated specimens displace slightly toward lower
temperatures. In Figure 8b, the melting peaks locate at higher temperatures for Ground-15 and
Tunnel-15 but at lower temperature for Pipeline-15. The endothermic peaks become broader especially
for Pipeline-15. It can be stated that the crystal structure becomes more deteriorated for a long time in
the mode of the pipeline.

In Figure 7c or Figure 8c, the exothermic peaks of the treated specimens move towards a higher
temperature and the endothermic peaks move towards a lower temperature, which means the
thermal effects disrupt the distribution of crystal structure [28]. Therefore, the ability to crystallize is
increased, but the quality is declined relatively. Among the specimens, Ground-30 presents the highest
crystallization performance.

In addition, the DSC endotherms indicate a range of melting processes that can be related to the
crystallinity and lamellar thickness variations. The crystallinity and average lamellar thickness [3,8]
can be calculated by Formulas (1) and (2). The calculating formulas are as follows:

χ(%) = ΔH f/ΔH0
f × 100, (3)

Tm = Tm0(1− 2σe/ΔHmL), (4)

where χ(%) is crystallinity; ΔH0
f is the enthalpy of fusion of an ideal polyethylene crystal per unit

volume; Tm is the observed melting temperature (K) of lamellar of thickness L; Tm0 is the equilibrium
melting temperature of an infinitely thick crystal; σe is the surface-free energy per unit area of basal face;
ΔHm is the enthalpy of fusion of an ideal polyethylene crystal per unit volume; and L is the lamellar
thickness. The used values for calculation were as follows: Tm0 = 414.6 K, ΔHm = 2.88 × 108 J/m3, and
σe = 93 × 10−3 J/m2. Changes on crystallinity and lamellar thickness with different thermal aging
modes are depicted in Figure 9.
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Figure 9. Changes on crystallinity and lamellar thickness of the main endothermic peak with different
thermal aging modes: (a) Crystallinity; (b) lamellar of thickness.

We can observe that the crystallinity of all the specimens are increased in various degrees after the
thermal aging in Figure 9a. This phenomenon is ascribed to adequate movement of the molecular
chains and the generation of short chain segments, which are inclined to form the secondary crystal [3].
It is hard to judge the status of crystal structure just from the crystallinity. Therefore, the analysis
should be combined with the change of lamellar of thickness obtained at the main endothermic peak
shown in Figure 9b. We can find that both Pipeline-15 and Pipeline-30 have a high crystallinity but the
lamellar thickness of main endothermic peaks are low, which indicates the crystal structures are mainly
made up of secondary crystal. On the contrary, the Ground-0 and the Ground-15 have a relatively low
crystallinity with solid lamellar of thickness, which means the crystal structures are firm and compact.
Analogously, we can deduce the status of crystal structure of each specimen as shown in Table 5.

Table 5. Status of the crystal structure of the specimens after thermal effects.

Specimen Pipeline Ground Tunnel

XLPE-0 Improved Improved Improved
XLPE-15 Degraded Improved Improved
XLPE-30 Degraded Improved Maintained

3.3. Result of XRD Measurement

The changes on the crystal structure of each specimen before and after the thermal effect were
analyzed by X-ray diffractometer, to observe the influence on the crystalline phase of each layer under
the different aging conditions.

Figure 10 displays the X-ray spectrum of each position in cable insulation before and after the
accelerated aging test. It can be observed that two main crystalline peaks of each specimen appear at
2θ = 21.22◦ and 2θ = 23.63◦, which correspond to the (110) and (200) lattice planes. There is a one small
peak observed at 2θ = 36.5◦ which corresponds to the (020) lattice plane as Miller demonstrates [29].
There is no excessive displacement in the position of the peaks or in their splitting among the specimens,
but the intensity and the shape of the peaks are different. It is indicated that accelerated aging hardly
produces any new crystalline phase in the crystal structure, but results in the changes on the crystallinity
and the grain size of the specimens.

From Figure 10, it can be noticed remarkably that a turnover phenomenon occurs in the thermal
aging of tunnel mode, which is reflected by the fact that the crystal of the (110) lattice plane modifies into
the (200) lattice plane. It is commonly assumed that the (200) lattice plane corresponds to the deformed
spherulites, whose optical axes are oriented parallel to the radial direction [29]. This transformation
indicates the shape of spherulite is associated with the heating and cooling process under different
thermal effects. Therefore, we may admit the crystal structure changes on XLPE should be in the light
of the features of different laying modes. For more precision on the objective to analyze the crystal
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structure changes among the specimens, the crystallinity percentage and the grain size are introduced
by Formulas (5) and (6).

 
Figure 10. X-ray diffraction (XRD) spectrum of the untreated specimens and the treated specimens
under thermal aging of three different laying modes. (a) the spare cable; (b) the cable with service years
of 15; (c) the cable with service years of 30.

The crystallinity percentage can be calculated by the Hinrichsen method [30]. The X-ray spectrum
of each specimen is fitted by Gaussian functions. Figure 11 displays the corresponding three Gauss fit
peaks obtained by using the original 9.1. The calculating process is given as follows:

χ(%) = (S2 + S3)/(S1 + S2 + S3) × 100, (5)

where χ (%) is crystallinity percentage, S1 is the area of the amorphous halo, S2 is the area of the
main crystallization peak at 2θ = 21.22◦, and S3 is the area of the secondary crystallization peak at
2θ = 23.63◦.
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Figure 11. Gaussian fitting of the crystalline peaks and the amorphous halo by the Hinrichsen method.

In addition, the grain size of the different diffraction peaks corresponding to different crystal
lamellar can be calculated by Scherrer equation [31]. The calculating formula is as follows:

Dhkl = (K·λX)/(β cosθ), (6)

where Dhkl is the grain size (A) perpendicular to the (hkl) crystal face; λX is experimental X-ray
wavelength (nm), which is 0.15418 nm; β is the broadening of the diffraction peak (khl) (Rad) producing
by grain refinement; and K is 0.89 when β is the full width at half maximum of the diffraction peak.

Basing on Formulas (5) and (6), we present the crystallinity percentage and the grain size
perpendicular to the (110) and (200) crystal faces in Figure 12. With regard to XLPE-0 in Figure 12a,
the crystallinity was lifted up in varying degrees by the disruption of the crystalline order after the
thermal effect in each laying mode. Especially for Tunnel-0, a significant increase in crystallinity and
distinct shrink in grain size perpendicular to the (200) crystal face indicate that the spherulites are
tightly distributed in the insulation and the crystal structure is relatively perfect, even though most of
the spherulites were deformed by thermal effect.

With regard to XLPE-15 in Figure 12b, it shows that the changes of the crystallinity and the grain
sizes of Ground-15 and Tunnel-15 are similar to the corresponding ones of XLPE-0. The decrease
in crystallinity and increase in crystallite size of the principal crystalline area for Pipeline-15 reflect
that the spaces among the crystal structures are expanded and the integral crystal structure is not
closely arranged.

With regard to XLPE-30 in Figure 12c, minor differences in the crystallinity and the grain sizes
between Pipeline-30 and Ground-30 demonstrate that the influence of the features in pipeline and
ground modes on the current crystalline condition is not pronounced. For Tunnel-30, we can also find
high crystallinity with tight, deformed spherulites, as shown in Figure 12a,b. As we demonstrated
above, the status of the current crystal structure of the specimens after thermal effects are listed
in Table 6.
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Figure 12. Changes on crystallinity and grain size perpendicular to the (110) and (200) crystal faces.
(a) the spare cable; (b) the cable with service years of 15; (c) the cable with service years of 30.

Table 6. Status of the current crystal structure of the specimens after thermal effects.

Specimen Pipeline Ground Tunnel

XLPE-0 Improved Improved Improved
XLPE-15 Degraded Improved Improved
XLPE-30 Maintained Maintained Improved

3.4. Results of the Breakdown Field Strength Measurement

The breakdown field strength test was conducted for each specimen and the valid average values
are listed in Table 7. It is obvious that the electric properties were improved in varying degrees among
XLPE-0 specimens after the different thermal effects. This phenomenon is probably attributed to the
flexible movement of the molecular chain which activates the development of crystalline order and the
annealing effect [6].
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Table 7. Breakdown field strength (kV/mm).

Specimen Untreated Pipeline Ground Tunnel

XLPE-0 66.106 69.273 68.860 71.325
XLPE-15 73.489 63.941 75.640 81.650
XLPE-30 68.382 65.463 67.609 69.600

With regard to XLPE-15 and XLPE-30, the electric properties were improved under thermal effects
in the ground- and tunnel-laying modes, but were degraded in the pipeline-laying mode. It may be
considered that the features of the pipeline-laying mode are not relatively suitable for the aged cables
with high loading for a long time.

3.5. Assessment of the Structural and Electrical Properties of XLPE under Thermal Effects

From the results of four diagnostic measurements, the correlations between structural and electrical
properties were connected to assess the insulation condition.

For the spare cable under the three different thermal effects, the change of temperature activates the
adequate movement of the molecular chain, leading to higher crystallinity and electrical performance
of the treated specimens. The increase in crystallinity among the specimens is probably ascribed to
the scission of the molecules traversing the amorphous regions, followed by rearrangement of the
chains imperfectly crystallized at the manufacturing step to increase crystallinity [32]. Moreover, the
improvement of crystal structure has a positive influence on the electrical breakdown and the resistivity
of the insulation [33].

For the cable with service years of 15, thermal effect in tunnel mode presented a higher performance
in structural and electrical properties, which can be identified by the diminution of oxygen-containing
groups, improvement of crystalline morphology, and elevation of breakdown field strength. Properties
indicators from the diagnostic measurements show a certain degradation happening on thermal effect in
pipeline mode with high carbonyl content, inferior crystal structure, and drop in electrical breakdown.

For the cable with service years of 30, the flexibility of the molecular chain and the potential to
recrystallize were weakened during long-term practical operation. Thermal effect in pipeline mode
reflects degradation from the aspects of carbonyl content, crystal structure, and breakdown field
strength compared with XLPE-30. A slight improvement of properties occurs on thermal effect in
ground mode and maintaining of properties occurs on thermal effect in tunnel mode.

In this case, compared with the untreated ones, the status of the specimens under different thermal
effects can be assessed comprehensively in Table 8.

Table 8. Comprehensive assessment on the specimens under the thermal effects.

Specimen Pipeline Ground Tunnel

XLPE-0 Improved (greatly) Improved (greatly) Improved (greatly)
XLPE-15 Degraded (severely) Maintained Improved (greatly)
XLPE-30 Degraded (slightly) Improved (slightly) Maintained

3.6. A Proposal of New Estimation on Cable Ampacity

With the combination of the reference cable ampacity IR and the results of diagnostic measurements,
the relationship between the cable ampacity and the insulation properties was revealed according to the
connection among the change of micro-structure, crystal structure, and external electrical property of
each specimen. A new estimation on cable ampacity can be proposed from the perspective of changes
of XLPE insulation properties to prolong the cables’ service life. The specific regulation strategy of
cable ampacity is as follows:

From the results of Table 8, the improvement and maintenance of overall insulation properties
indicate that the margin of reference cable ampacity IR can be lifted properly to 1.2 IR. Analogously,
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the degradation of overall insulation properties indicates that the reference cable ampacity IR should
not be lifted to 1.2 IR or should be decreased properly based on IR.

4. Conclusions

The verification of fluctuation on thermal parameters and ampacity of the cable, with different
insulation conditions and thermal effects of different laying modes, on XLPE insulation, with different
operating years, was analyzed in this paper. Moreover, a new estimation on cable ampacity in regard
to the specific aging status of XLPE cable with a specific laying mode was proposed. The following
regulation strategy of cable ampacity based on IR can be made to prolong the cables’ service life from
the perspective of XLPE insulation itself:

1. For the spare cable, it has a high potential to adapt to thermal effect of the three laying modes,
so the margin of ampacity can be elevated to 1.2 IR.

2. For the cable which had operated for 15 years, the margin of ampacity can be elevated to 1.2 IR in
the tunnel, should not be lifted to 1.2 IR for a long time in ground mode, and should be decreased
properly in the pipeline based on IR.

3. For the cable which had operated for 30 years, the margin of ampacity can be elevated to 1.2 IR in
ground mode, should be reduced from 1.2 IR in tunnel mode, but the margin of ampacity should
not be elevated in the pipeline based on IR.

In the future, more work will be devoted to assessing the relationship between the cable ampacity
and XLPE insulation properties in the cable actual working condition. Establishing more effective
methods on estimating cable ampacity and prolonging the cables service life are of great significance to
the electric power industry.
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Appendix A

The Matlab program of calculating the ampacity under the air-laying mode of the cables is shown
as follows (XLPE-0):

function y = XLPE-0()
global k dki dko Rk Ck Rk1 Ck1 l p i A B P T1u E To I h2 R12 number number1 T1 number2 C0 Tou r0p R11

load('XLPE-0.mat');
%introduce the matrix (column 1: conductor temperature;
column 2: current)

I = XLPE(:,2); %reading the current in the matrix
T1 = XLPE(:,1); %reading the temperature in the matrix
t1 = 0:60:54900; %calculating time range (total data volume in the matric)
hold on %keeping the drawing interface
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number = 30; %insulation hierarchical Number
number1 = number + 1; %lapped covering
number2 = number + 2; %outer-sheath
d1 = 26.6*10ˆ-3; %conductor diameter
d2 = 65.6*10ˆ-3; %insulation diameter
d6 = 92.0*10ˆ-3; %outer-sheath diameter
h1 = (d2-d1)/(2*number); %insulation hierarchical thickness
h2 = 3.0*10ˆ-3; %outer-sheath thickness
a = 0.00393; %resistance temperature coefficient of copper conductor
p1 = 3.23; %thermal resistance coefficient of insulation layer
p6 = 3.5; %thermal resistance coefficient of outer-sheath
Dc = 344.312*10ˆ4; %volumetric thermal capacity of Cu
DPE = 194.12*10ˆ4; %volumetric thermal capacity of XLPE
D6 = 242.54*10ˆ4; %volumetric thermal capacity of outer-sheath
r0p = 3.482e-5; %DC Resistance of Conductor at 20 ◦C
R11 = 0.1095; %thermal resistance of lapped covering
dki = zeros(1,number); %inner diameter array of each insulation layer
dko = zeros(1,number); %outer diameter array of each insulation layer
Rk = zeros(1,number); %thermal resistance array of each insulation layer
Ck = zeros(1,number); %thermal capacity array of each insulation layer
Rk1 = zeros(1,number2); %thermal resistance array
Ck1 = zeros(1,number2); %thermal capacity array
A = zeros(number2,number2); %A matrix
B = zeros(number2,number2); %A matrix
P = zeros(number2,1); %P matrix
E = zeros(1,number2); %temperature initial matrix
T1c = zeros(1,915); %calculating point number
R12 = 0.0299; %outer-sheath thermal resistance
C0 = Dc*pi*0.25*d1*d1; %conductor thermal capacity
C12 = D6*pi*0.25*(d6ˆ2-(d6-2*h2)ˆ2); % outer-sheath thermal capacity
for k = 1:number

dki(k) = d1 + 2*h1*(k-1);
dko(k) = d1 + 2*h1*k;
Rk(k) = p1/(2*pi)*log(1 +

2*h1/dki(k));
%thermal resistance of each insulation layer

Ck(k) = DPE*pi*0.25*(dko(k)ˆ2-dki(k)ˆ2); %thermal capacity of each insulation layer
end

C11 = 5549.4; %lapped covering thermal capacity
for n = 1:number2 %array of initial cable internal temperature
E(n) = 17.7;

end
T1u = 17.7; %initial conductor temperature
for u = 0:60:54900; %time horizon
for l = 1:number2

if(l==1)
Rk1(l) = Rk(l);
Ck1(l) = Ck(l) + C0;

else if(l==number1)
Rk1(l) = R11;
Ck1(l) = C11;

else if(l==number2)
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Rk1(l) = R12;
Ck1(l) = C12;

else
Rk1(l) = Rk(l);
Ck1(l) = Ck(l);

end
end
for i = 1:number2
for j = 1:number2
if(j==i)

if(j==1)
A(i,j) = -(Ck1(i)*Rk1(i))ˆ-1;B(i,j)=Ck1(i)ˆ-1;

else
A(i,j) = -Ck1(i)ˆ-1*(Rk1(i-1)ˆ-1+Rk1(i)ˆ-1);B(i,j)=Ck1(i)ˆ-1;

end
else if(j==I + 1)

A(i,j) = (Ck1(i)*Rk1(i))ˆ-1;B(i,j)=0;
else if(j==i-1)

A(i,j) = (Ck1(i)*Rk1(j))ˆ-1;B(i,j)=0;
else

A(i,j) = 0;B(i,j) = 0;
end
end
end
tt = [u,u+60];
Tou = To(u/60+1); %initial surface temperature
i = I(u/60 + 1); %initial current
T1c(u/60 + 1) = E(1); %calculating conductor temperature
rp = r0p*(1+a*(T1u-20)); %DC resistance of conductor
x = pi*400e-7/rp;
Y = xˆ2/(192 + 0.8*xˆ2); %skin effect factor of conductor
r = rp.*(1 + Y); %AC resistance of conductor
p = iˆ2*r; %heating power of conductor
[t,x] = ode23t(@odefun3,tt,E); %solution of differential equation
E = x(end,:); %updating the initial temperature array for the next period
T1u = E(end,1); % updating the conductor temperature array for the next period
end
y = T1c'; %calculating conductor temperature
plot(t1,y,'g') %plotting curves
hold on
end
function dx = odefun3(t,x) %P array solution
global A B P p Tou R12 number2
dx = zeros(number2,1);
for m = 1:number2

if(m==1)
P(m) = p;

else if(m==number2)
P(m) = Tou/R12;

else
P(m) = 0;

end
end
dx = A*x + B*P;
end
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The calculating result of the XLPE-0 cable ampacity through the Matlab program above is shown
in Figure A1.

 

Figure A1. The calculating result of the XLPE-0 cable ampacity.

References

1. Orton, H. Power cable technology review. High Volt. Eng. 2015, 41, 1057–1067. [CrossRef]
2. Shwehdi, M.H.; Morsy, M.A.; Abugurain, A. Thermal aging tests on XLPE and PVC cable insulation materials

of Saudi Arabia. In Proceedings of the IEEE Conference on Electrical Insulation and Dielectric Phenomena,
Albuquerque, NM, USA, 19 November 2003; pp. 176–180. [CrossRef]

3. Liu, X.; Yu, Q.; Liu, M.; Li, Y.; Zhong, L.; Fu, M. DC electrical breakdown dependence on the radial position
of specimens within HVDC XLPE cable insulation. IEEE Trans. Dielectr. Electr. Insul. 2017, 24, 1476–1486.
[CrossRef]

4. Ouyang, B.; Li, H.; Li, J. The role of micro-structure changes on space charge distribution of XLPE during
thermo-oxidative ageing. IEEE Trans. Dielectr. Electr. Insul. 2017, 24, 3849–3859. [CrossRef]

5. Diego, J.A.; Belana, J.; Orrit, J.; Cañadas, J.C.; Mudarra, M.; Frutos, F.; Acedo, M. Annealing effect on the
conductivity of xlpe insulation in power cable. IEEE Trans. Dielectr. Electr. Insul. 2011, 18, 1554–1561.
[CrossRef]

6. Xie, Y.; Zhao, Y.; Liu, G.; Huang, J.; Li, L. Annealing Effects on XLPE Insulation of Retired High-Voltage
Cable. IEEE Access. 2019. [CrossRef]

7. Xie, Y.; Liu, G.; Zhao, Y. Rejuvenation of Retired Power Cables by Heat Treatment. IEEE Trans. Dielectr. Electr.
Insul. 2019, 26, 668–670. [CrossRef]

8. Celina, M.; Gillen, K.T.; Clough, R.L. Inverse temperature and annealing phenomena during degradation of
crosslinked polyolefins. Polym. Degrad. Stab. 1998, 61, 231–244. [CrossRef]

9. Kalkar, A.K.; Deshpande, A.A. Kinetics of isothermal and non-isothermal crystallization of poly (butylene
terephthalate) liquid crystalline polymer blends. Polym. Eng. Sci. 2010, 41, 1597–1615. [CrossRef]

10. Wang, Y.; Shen, C.; Li, H.; Qian, L.; Chen, J. Nonisothermal melt crystallization kinetics of poly (ethylene
terephthalate)/clay nanocomposites. J. Appl. Polym. Sci. 2010, 91, 308–314. [CrossRef]

11. Xie, A.S.; Zheng, X.Q.; Li, S.T.; Chen, G. The conduction characteristics of electrical trees in XLPE cable
insulation. J. Appl. Polym. Sci. 2010, 114, 3325–3330. [CrossRef]

12. Xie, A.; Li, S.; Zheng, X.; Chen, G. The characteristics of electrical trees in the inner and outer layers of
different voltage rating XLPE cable insulation. J. Phys. D Appl. Physic 2009, 42, 125106–125115. [CrossRef]

13. Insulated Conductors Committee of the IEEE Power Engineering Society. IEEE GUIDE for Soil Thermal
Resistivity Measurements; IEEE Std 442, Reaffirmed 2003; IEEE: Piscataway, NJ, USA, 1981.

258



Energies 2019, 12, 2994

14. Frank, D.W.; Jos, V.R.; George, A.; Bruno, B.; Rusty, B.; James, P.; Marcio, C.; Georg, H. A Guide for Rating
Calculations of Insulated Cables; Cigré TB # 640; Cigré: Paris, France, 2015.

15. International Electrotechnical Commission. Calculation of the Current Rating of Electric Cables; IEC Press:
Geneva, Switzerland, 2006.

16. Wang, P.; Liu, G.; Ma, H. Investigation of the Ampacity of a Prefabricated Straight-Through Joint of High
Voltage Cable. Energies 2017, 10, 2050. [CrossRef]

17. Meng, X.K.; Wang, Z.Q.; Li, G.F. Dynamic analysis of core temperature of low-voltage power cable based on
thermal conductivity. Can. J. Electr. Comput. Eng. 2006, 39, 59–65. [CrossRef]

18. Del Pino Lopez, J.C.; Romero, P.C. Thermal effects on the design of passive loops to mitigate the magnetic
field generated by underground power cables. IEEE Trans. Power Deliv. 2011, 26, 1718–1726. [CrossRef]

19. Sharad, P.A.; Kumar, K.S. Application of surface-modified XLPE nanocomposites for electrical insulation-
partial discharge and morphological study. Nanocomposites 2017, 3, 30–41. [CrossRef]

20. Andjelkovic, D.; Rajakovic, N. Influence of accelerated aging on mechanical and structural properties of
cross-linked polyethylene (XLPE) insulation. Electr. Eng. 2001, 83, 83–87. [CrossRef]

21. Fu, Q.; Liu, J.P.; He, T.B. Non-isothermal Crystallization Behavior and Kinetics of Metallocene Short Chain
Branched Polyethylen. Chem. Res. 2002, 6, 1183–1188. [CrossRef]

22. Olsen, R.; Anders, G.J.; Holboell, J.; Gudmundsdottir, U.S. Modelling of dynamic transmission cable
temperature considering soil-specific heat, thermal resistivity, and precipitation. IEEE Trans. Power Deliv.
2013, 28, 1909–1917. [CrossRef]

23. Han, Y.J.; Lee, H.M.; Shin, Y.J. Thermal aging estimation with load cycle and thermal transients for
XLPE-insulated underground cable. In Proceedings of the IEEE Conference on Electrical Insulation and
Dielectric Phenomenon (CEIDP), Fort Worth, TX, USA, 1 October 2017; pp. 205–208. [CrossRef]

24. Xiaobin, C.; Zhixing, Y.I.; Kui, C.; Xianyi, Z.; Jia, Y. Laying mode and laying spacing for single-core feeder
cable of high speed railway. China Railw. Sci. 2015, 85–90. [CrossRef]

25. Chen, Y.; Duan, P.; Cheng, P.; Yang, F. Numerical calculation of ampacity of cable laying in ventilation tunnel
based on coupled fields as well as the analysis on relevant factors. In Proceedings of the IEEE Conference on
Intelligent Control and Automation, Shenyang, China, 29 June–4 July 2014; pp. 3534–3538. [CrossRef]

26. Wang, Y.; Chen, R.; Li, J.; Grzybowski, S.; Jiang, T. Analysis of influential factors on the underground cable
ampacity. In Proceedings of the IEEE Conference on Electrical Insulation Conference, Annapolis, MD, USA,
5–8 June 2011; pp. 430–433. [CrossRef]

27. Wang, P.; Ma, H.; Liu, G. Dynamic Thermal Analysis of High-Voltage Power Cable Insulation for Cable
Dynamic Thermal Rating. IEEE Access. 2019, 7, 56095–56106. [CrossRef]

28. Xu, Y.; Luo, P.; Xu, M.; Sun, T. Investigation on insulation material morphological structure of 110 and 220 kv
xlpe retired cables for reusing. IEEE Trans. Dielectr. Electr. Insul. 2014, 21, 1687–1696. [CrossRef]

29. Bin, Y.; Adachi, R.; Tong, X. Small-angle HV light scattering from deformed spherulites with orientational
fluctuation of optical axes. Colloid Polym. Sci. 2004, 282, 544–554. [CrossRef]

30. Li, J.; Li, H.; Wang, Q. Accelerated inhomogeneous degradation of XLPE insulation caused by copper-rich
impurities at elevated temperature. IEEE Trans. Dielectr. Electr. Insul. 2016, 23, 1789–1797. [CrossRef]

31. He, K.; Chen, N.; Wang, C.; Wei, L.; Chen, J. Method for determining crystal grain size by X-ray diffraction.
Cryst. Res. Technol. 2018, 53, 1700157. [CrossRef]

32. Rabello, M.S.; White, J.R. The role of physical structure and morphology in the photodegradation behavior
of polypropylene. Polym. Degrad. Stab. 1997, 56, 55–73. [CrossRef]

33. Martini, H.; Zhao, S.; Friberg, A.; Jabri, Z. Influence of electron beam irradiation on electrical properties of
engineering thermoplastics. In Proceedings of the IEEE Conference on Electrical Insulation Conference (EIC),
Montreal, QC, Canada, 19–22 June 2016; pp. 305–308. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

259



energies

Article

Investigations on the Performance of a New
Grounding Device with Spike Rods under High
Magnitude Current Conditions

Abdul Wali Abdul Ali, Nurul Nadia Ahmad, Normiza Mohamad Nor *, Muhd Shahirad Reffin

and Syarifah Amanina Syed Abdullah

Faculty of Engineering, Multimedia University, Cyberjaya 63100, Malaysia;
1122702929@student.mmu.edu.my (A.W.A.A.); nurulnadia.ahmad@mmu.edu.my (N.N.A.);
muhd_shahirad@yahoo.com (M.S.R.); synina@gmail.com (S.A.S.A.)
* Correspondence: normiza.nor@mmu.edu.my; Tel.: +603-8312-5387

Received: 26 February 2019; Accepted: 21 March 2019; Published: 23 March 2019

Abstract: In many publications, the characteristics of practical earthing systems were investigated
under conditions involving fast-impulse currents of different magnitudes by field measurements.
However, as generally known, in practice the transient current can normally reach several tens of
kiloamperes. This paper therefore aimed to investigate the characteristics of a new electrode for
grounding systems under high current magnitude conditions, and compare it with steady-state test
results. The earth electrodes were installed in low resistivity test media, so that high impulse current
magnitudes can be achieved. The effects of impulse polarity and earth electrode’s geometry of a new
earth electrode were also quantified under high impulse conditions, at high currents (up to 16 kA).

Keywords: earthing systems; electrode’s geometry; fast-impulses; high-magnitude currents and
impulse polarity

1. Introduction

Much work [1–18] has been carried out to characterize practical earthing systems under
fast-impulse, high-magnitude current conditions. As generally known, experimental investigations
on practical earthing systems under high impulse currents can provide more realistic results on the
characteristics of earthing systems under high currents, in comparison to laboratory and computational
methods. The first work on impulse characteristics by field measurement was carried out by Towne [1]
in 1928, on galvanized-iron pipes with peak currents up to 900 A. In 1941, Bellaschi [2] had used
deep-driven earth rods with current magnitudes between 2 kA to 8 kA. The following year, Bellaschi [3],
completed further tests on 12 earth rods, with impulse currents of 400 A to 15.5 kA. There have been
a lot more impulse tests [4–18], were carried out on practical earthing systems, where tit was found
that the ‘impulse resistance’ values were found to be less than those measured for low voltage, low
frequency currents [1–18]. A lot of improvements and suggestions in the impulse test methodology on
practical earthing systems can also be seen in the last three decades [1–18]. Impulse tests have also
been carried out on practical earthing systems considering various factors, namely; earth electrode
geometry, soil resistivity, impulse polarity and voltage/current magnitudes [1–18]. For the study of
grounding performance with the current magnitudes up to 5 kA, limited studies have been carried
out on the effect of the earth electrode’s configuration. A remarkable work was done in [4–6], where
impulse tests were conducted on various practical earthing systems, with current magnitudes of more
than 20 kA. It was found that the impulse resistance becomes less current dependent in high currents.
For the effect of soil resistivity, it was reported in [19,20] that in a low resistivity test medium, it is
possible that no ionization process occurs in the test since the gaps between the sand grains are filled
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with water, and little field enhancement is expected to occur since there is only a small dielectric
difference between the soil and the air gaps. In addition, this could also be due to the fact the earthing
systems may have become a conducting mass in low resistivity soil.

As for the effect of impulse polarity, as early as 1948, Petropoulos [21] found that for similar
electrode dimensions and soil resistivity, the critical electric field, Ec which is the onset of ionization,
and the breakdown voltage were found higher for negative compared with positive impulses. A few
more studies followed with investigations on soil characterisation under high impulse current for
both impulse polarities, where most of the studies were done by laboratory testing [19,20]. In the last
few years, a few studies can be found on the effect of impulse polarity on practical earthing systems
under high impulse conditions [17,19]. Since very limited studies can be found on the effect of impulse
polarity on various grounding system configurations for the same soil resistivity, this paper presents
the experimental results on new earth electrodes, combined with various electrode’s configurations,
under both impulse polarities.

This paper reports the investigation on the performance of a new grounding electrode, called
a grounding device with spike rods (GDSR) under high-magnitude fast impulses, of both impulse
polarities. The reason GDSR was designed and studied in the current paper is to follow up on the
study performed by Petropoulos [21], where he found that electrodes fitted with spike rods have
lower resistance than that electrode without the spike rods. For these reasons, further studies were
performed, and presented in this paper. He [21] described the high field intensity of the spike rods
which causes more current to flow. In this current work, it was realized and evident by field testing
and measurements, which have not been implemented before. GDSR was also combined with other
electrodes, which were installed at one site. A smaller impulse generator was also employed to
observe the effectiveness of GDSR combined with other electrodes in the same soil resistivity at lower
current magnitudes, below 2 kA. A new grounding electrode with spike rods was postulated to
enhance the ionization process in soil and compared with conventional rod-electrodes. It was shown
the resistance becomes less current dependent at high currents, which was found to be agree with
previously published works [2–10,18–21].

2. Experimental Arrangement

In this study, eight earth electrode configurations were installed at the same soil site. Using
the Wenner method, the soil resistivity of the outdoor test site was measured with earth tester. The
RESAP module of Current Distribution, Electromagnetic Fields, Grounding and Soil Structure Analysis
(CDEGS) was used to interpret the measured data into 2-layer soil models. The test site was purposely
selected at a farming land, to obtain for low soil resistivity result, hence high current magnitudes can
be achieved. It was computed that an upper layer and lower layer resistivity of 2.95 Ωm and 0.23 Ωm,
respectively with 4.9 m depth for upper layer, and an infinite depth for lower layer.

2.1. Earth Electrodes

The test area contains six configurations; a vertical single rod electrode (see Figure 1), two parallel
vertical rod electrodes (see Figure 2), three parallel vertical rod electrodes (see Figure 3), a GDSR (see
Figure 4), a GDSR in parallel with vertical one rod electrode (see Figure 5), a GDSR in parallel with two
vertical rod electrodes (see Figure 6). Each installed vertical rod electrode is 1.5 m long and has a 16 mm
diameter. The interconnections between the vertical electrodes were done with copper strips, with a
width of 2.5 cm, and length of 3 m, buried to a depth of 30 cm under the ground surface. For lower
current impulse tests, two new configurations were laid, where a single rod electrode was installed at
50 cm depth, and a GDSR buried to a depth of 50 cm. Very little has been mentioned in literature on
the recommended spacing between the vertical rods. In [22], it is stated that ‘spacing of less than 3 m
may not provide the most economical use of materials’. This shows that it is not effective to have the
adjacent vertical rods too close to each other. On the other hand, [23] stated that the recommended
spacing between rods should be at least 2 times the length of the rod. No specific study has focused
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on the effect of spacing changes on the mutual effects and performance of grounding systems. In the
current study, the vertical rods were all arranged with a spacing between the rods of no less than twice
the length of the electrode.

Figure 1. Configuration 1 with a single vertical rod electrode.

Figure 2. Configuration 2 with two parallel vertical rod electrodes.
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Figure 3. Configuration 3 with three parallel vertical rod electrodes.

Figure 4. Configuration 4, a grounding device with spike rods.
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Figure 5. Configuration 5, a grounding device with spike rods and a vertical rod electrode.

Figure 6. Configuration 6, a grounding device with spike rods and 2 vertical rod electrodes.

Figure 7 shows a detailed construction of a new electrode, GDSR. It comprises an outer shaft
(110) and an inner shaft (120). The spike rods (123) are arranged on the body of the inner shaft (120),
where the total number of spike rods is five. A pre-borehole was first made by using an auger, with
a diameter of 3.8 cm. After completing the pre-borehole to a depth of at least 1.5 m, the grounding
device with spike rods (100) is positioned in the hole, where the outer shaft (110) is subjected to stress
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and impact force while it is driven through hammering into the ground. The driving tip (122) has a
pointed conical end to allow for easier penetration against obstructions encountered during driving
of the rod. After that, using the provided winch (121), the inner shaft was turned in such a way that
the grounding spike rods protrude out and pierce into the soil mass. GDSR was used in this study,
since it was found by Petropoulos [21] that the earth electrodes attached with sharp points or needles
have lower impulse resistance values than that without the sharp points. He [21] pointed out that by
suitably shaping the electrodes with the sharp points, higher field intensities would be present, hence
reducing the resistance values. For these reasons, a GDSR was used as part of the practical earthing
systems. For checking the effectiveness of the shaping of various configurations, field measurements
and testing at practical sites were carried out in this current work. A GDSR is postulated to cause and
enhance ionization process in the soil, and discharge higher currents to the ground.

Figure 7. Construction of a grounding device with spike rods.

These eight earth electrode arrangements were used in this study for the reason that a vertical
rod electrode is typically used locally, thus replicating the real conditions more closely. In order to
ensure that the same test area was used, firstly, a single rod electrode was installed. Secondly, another
vertical rod electrode was added, to make two parallel rod electrodes. It was then followed by the
third rod electrode installed in a straight line arrangement, which gave us three parallel vertical rod
electrodes. The first single rod that was installed earlier, as shown in Figure 1, was then removed, and
replaced with a GDSR, giving the configuration shown in Figure 6. The third single rod electrode was
then removed, whereby the configuration become as seen in Figure 5. Finally, the rod electrode was
removed, thus leaving a GDSR only. For each configuration, FOP measurement and impulse tests
were performed. Table 1 shows the steady-state earth resistance values, DC earth resistance value,
RDC, determined with the Fall-of-Potential (FOP) method for all eight configurations. It can be seen
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from Table 1 that the RDC values of the earthing systems consisting of a GDSR are lower than that
of conventional vertical rod electrodes. RDC for configurations 2 and 3 were found to be improved
with the addition of vertical rod electrodes, with a decrease by 63% and 76.4% with the addition of
one and two rod electrodes, respectively, to the single rod electrode, configuration 1. When a GDSR
was used, RDC decreased by 75.5% for configuration 4 from configuration 1, 47.1% for configuration
5 from configuration 2, and 36% for configuration 6 from configuration 3. This indicates that a new
electrode, the GDSR, is effective in reducing the RDC of earthing systems, which could be due the
large cross sectional area of the GDSR’, as compared to conventional electrode.

Table 1. Measured RDC for all configurations.

Configurations Earthing Systems RDC, Ω

1 A vertical single rod electrode 75.5
2 2 parallel vertical rod electrodes 27.6
3 3 parallel vertical rod electrodes 17.8
4 GDSR 18.5
5 GDSR in parallel with vertical one rod electrode 14.6
6 GDSR with spike rods in parallel with two vertical rods 11.4
7 A vertical single rod electrode, buried at a depth of 30 cm 313.2
8 A vertical grounding device with spike rods 85.2

2.2. Experimental Test Set Up

Figure 8 shows the field test arrangement consisting of an impulse generator, which needs to be
mounted on a lorry, insulating rods, which are made of epoxy conduits to suspend the leads/copper
mesh/coaxial cables, and isolate them from earth, DC converters and batteries to provide a power
source to digital storage oscilloscopes (DSOs) and a laptop, and a diesel generator to power up the
impulse generator. Separate DSOs were used to capture current and voltage measurements. A resistive
divider with a ratio of 3890:1 was used to capture high voltage and a current transformer with a ratio
of 0.01V/A was used for current measurements.

Figure 8. Test arrangement for field tests on practical grounding systems.

A remote or auxillary earth is needed to provide a return path for the discharge of high impulse
currents to the ground during the measurements. In this study, the remote earth consists of 10 rods in a
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circular ring configuration (see Figure 9). These rods, are interconnected using copper mesh, arranged
on top of the rod electrodes. Using a FOP method, RDC of the remote earth was measured, and found
to be 4.8 Ω. This RDC value is acceptable since it is lower than that RDC of grounding systems under
tests (see Table 1).

Figure 9. Remote earth for tests on various grounding systems.

3. Results and Analysis

This present work aims to quantify the effectiveness of a GDSR with other practical grounding
systems under high magnitude impulse currents, above 5 kA, under both impulse polarities. The
RDC values of grounding systems have been presented in Section 2. This allows comparison with the
performance of grounding systems under high-magnitude impulse currents.

3.1. Effect of Earth Electrode’s Configurations

Figures 10 and 11 show selected typical voltage and current traces for configuration 2 at charging
voltages of 150 kV and 350 kV, respectively. The voltage and current traces of other configurations
and voltage magnitudes were similar to those presented in Figures 10 and 11. In this work, the time to
discharge to zero for current trace was measured. This parameter may provide information related to
the effectiveness of the grounding systems in discharging a high current into the ground, where the
faster the time taken to discharge for current trace, the better the grounding system is.

Figure 12 shows the measured time to discharge to zero for current trace at different applied
voltage. For all configurations, (except for configuration 4), the time for current trace to discharge
to zero were found to be independent of applied voltage. Configurations 3 and 6, with large sized
grounding systems were found to have a faster time for the current trace to discharge to zero, which
shows the good conductivity of the grounding systems. Generally, it is understood that the larger the
size of a grounding system, the less time taken for current to discharge to zero, due to the fact more
paths are available for the current to disperse. Some discrepancies in the results were also seen, where
the time taken for current trace to discharge to zero for configuration 5 is higher than that configuration
1 and 2, despite the fact configuration 5 has a larger sized grounding system. This could be due to
uncontrollable thermal and ionization processes in the soil, which have been highlighted in previously
published work [1–3,19,20]. Another possibility is that this is also due to the inductive component,
which can be significant under transient conditions. However, it is out of the scope of the current paper
to come up with the equivalent circuit, and show evidence of an inductive effect for each configuration.
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Figure 10. Voltage and current traces for configuration 2 at charging voltage of 150 kV under
positive polarity.

Figure 11. Voltage and current traces for configuration 2 at a charging voltage of 350 kV under
positive polarity.

Figure 12. Time taken for current trace to discharge to zero vs. applied voltage for various grounding
systems under positive impulse polarity.
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In this study, the impulse resistance, Rimpulse, was determined as the ratio of voltage at the
peak current to the corresponding peak current. Figure 13 shows the measured Rimpulse for various
grounding systems under high impulse currents, up to 16 kA. As can be seen, there is little dependence
of Rimpulse on the current magnitudes (except for configuration 1). Configuration 1 had the highest RDC,
and thus expectedly showed the highest reduction, as claimed in many prior publications [2–10,18–21]
where the higher the DC earth resistance, the higher the current-dependent characteristics of earth
resistance during the passage of high currents.

Figure 13. Rimpulse vs. peak current for various grounding systems under positive impulse polarity.

It was also noted that some differences in the Rimpulse with the current peak can be seen with the
addition of GDSR at low current magnitudes, below 3 kA. However, at higher current magnitudes,
little observable effect can be seen on Rimpulse. This could be due to a full development of an ionization
zone at high current, thus the performance of grounding systems has become independent of the
grounding electrodes and current magnitudes.

3.2. Effect of Low Current Magnitudes

Due to current independence of earth resistance at high current magnitudes, as presented in
Section A, experiments using a smaller impulse generator, which can generate up to 50 kV, 2 kA
currents were performed to further investigate the grounding characteristics under lower current
magnitude conditions. Impulse tests were conducted on four configurations; configurations 3 and 4,
and another two new configurations, labelled as configurations 7 and 8. Configuration 7 is similar to
configuration 1, but buried at 50 cm, and configuration 8 is similar to configuration 4, buried at 50 cm in
the soil. Lesser depth, of 50 cm below the ground’s surface, was used to obtain high resistances, hence
low current magnitudes, for the vertical electrodes. RDC values were measured for both configurations
7 and 8, and found to be 313.2 Ω and 85.2 Ω, respectively. Using a similar test set up, remote earth
and transducers as presented in Section 2.2, impulse tests were conducted on the four configurations
using smaller impulse generator. Figure 14 shows voltage and current impulse shapes of configuration
7 at a charging voltage of 25 kV. Similar voltage and current traces were seen at different voltage
magnitudes for configurations 7 and 8. However, faster voltage and current discharge times were seen
for configuration 3 and 4, at various voltage magnitudes (see Figure 15), due to their low RDC, which
thus provides better conduction of the grounding systems. When time to discharge to zero for current
trace versus applied voltage was plotted for all four configurations under lower voltage magnitudes
(Figure 16), it was noted that a reduction in time to discharge to zero for current traces with increasing
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applied voltage. This trend was not clearly observable at higher current magnitudes, presented earlier
in Figure 12. A graph of Rimpulse was plotted for increasing current magnitudes (see Figure 17) for all
four configurations. It can be seen that Rimpulse is decreasing significantly with current magnitude
for configuration 7, with the highest RDC, 313.2 Ω. However, Rimpulse was found to be less current
dependent for grounding systems with lower RDC, below 85 Ω.

Figure 14. Voltage and current traces for configuration 7 at charging voltage of 25 kV under
positive polarity.

Figure 15. Voltage and current traces for configuration 8 at charging voltage of 25 kV under
positive polarity.
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Figure 16. Time taken for current trace to discharge to zero vs. applied voltage for various grounding
systems under low voltage magnitudes.

Figure 17. Rimpulse vs. peak current for various grounding systems under low voltage magnitudes.

3.3. Effect of Impulse Polarity

In a previously published work [18], it was noted that an effect of impulse polarity was seen in
high resistivity soil. In this work, a low soil resistivity profile was used. Figures 18 and 19 show typical
voltage and current traces for configuration 2 at charging voltages of 150 kV and 350 kV, respectively.
Similar voltage and current traces were observed for various configurations and voltage magnitudes.
As the voltage magnitudes were increased, a significant reduction in the time for current trace to
discharge to zero was observed for all configurations of grounding systems (see Figure 20). This trend
is found to be different than that observed for positive polarity (shown in Figure 12), where only
configuration 4 has the reduction of time for current trace to discharge to zero when under positive
impulse polarity. A faster time for current to discharge to zero for large sized grounding systems
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(configurations 3, 5 and 6) under negative impulse polarity was also noted. This could be influenced
by the lower RDC in large grounding systems, thus discharging current at a faster time than that in
smaller size of grounding systems. It was also noted that the trend of time taken for current trace
to discharge to zero under negative polarity is more consistent, and similar to that found in other
publications [19,20], than that found under positive impulse polarity. However, the inconsistent results
for the time taken for current to discharge to zero under positive polarity are still not well understood.

Figure 18. Voltage and current traces for configuration 2 at charging voltage of 150 kV under
negative polarity.

Figure 19. Voltage and current traces for configuration 2 at charging voltage of 350 kV under
negative polarity.

When the voltage magnitudes under negative impulse polarity were increased, the Rimpulse was
found to have small reduction with increasing current (see Figure 21). Configurations 3 and 6, with
larger sized grounding systems were found to have the lowest Rimpulse, which is a similar trend to that
obtained under positive impulse polarity. These measured Rimpulse values with increasing currents
were also plotted together under both impulse polarities for each configuration (see Figures 22–27). As
can be seen, for configurations 1, 2, 3 and 4, a higher Rimpulse was recorded with negative impulses
compared with positive impulses, as shown in Figures 22–25, respectively. A similar trend was seen
in [20,21] whom conducted laboratory tests where Rimpulse values were found to be higher for negative
impulses than for positive impulses. As generally known, a decrease in Rimpulse with increasing
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voltage indicates the ionization process in soil, which was thought to occur in the air voids within
the soil [1–3,19,20]. Since it is expected that the discharges in air would require higher level voltages,
and less currents for negative impulses compared to positive impulses, higher Rimpulse in negative
impulses than positive impulses would occur. When Reffin et al. [18] performed experiments using
field measurements on practical grounding systems installed in various soil conditions, they found
that higher Rimpulse with negative impulses than that positive impulses for grounding systems with
high RDC (62.6 Ω). On the other hand, Rimpulse was found to be independent of impulse polarity
for low RDC (4.7 Ω). In this work, the electrodes were installed at the same site, with the same soil
resistivity profile. The highest RDC values are for configurations 1, 2, 3 and 4, and these configurations
were found to have higher Rimpulse under negative impulses than under positive impulses. On the
other hand, for lower RDC (configurations 5 and 6), the results were found to be inconsistent, where
Rimpulse were found to be independent of impulse polarities for configuration 5, and Rimpulse were
found higher under positive impulses than that negative impulses, as shown in Figures 26 and 27 for
configurations 5 and 6, respectively.

Figure 20. Time taken for current trace to discharge to zero vs. applied voltage for various grounding
systems under negative impulse polarity.

Figure 21. Rimpulse vs. peak current for various grounding systems under negative impulse polarity.
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Figure 22. Impulse resistances versus current peak for configuration 1.

Figure 23. Impulse resistances versus current peak for configuration 2.

Figure 24. Impulse resistances versus current peak for configuration 3.
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Figure 25. Impulse resistances versus current peak for configuration 4.

Figure 26. Impulse resistances versus current peak for configuration 5.

Figure 27. Impulse resistances versus current peak for configuration 6.
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4. Conclusions

Experiments were performed on different grounding configurations using various configurations
at installed in low resistivity profile soils at the same field site. It was found that under high impulse
currents, more than 5 kA, less current dependence of Rimpulse was observed. The characteristics of
various configurations were also investigated under lower current magnitudes, below 2 kA. High
nonlinearity was observed for grounding systems with high RDC (above 313.2 Ω). The results
revealed that the new GDSR earth electrode is more suitable to be used for low fault currents, such as
11 kV systems and below. When the grounding systems of various configurations were tested under
negative impulse polarity, higher Rimpulse was seen in negative impulses than positive impulses for
grounding systems with high RDC. This study also shows that under positive polarity conditions,
only configuration 4 has a dependence on the time to discharge to zero for current trace, whereas
a dependence of time to discharge to zero for current trace is not seen in the other configurations.
On the other hand, for negative polarity, the measured time to discharge to zero for current traces
decreases with applied voltage for all configurations, and the results are more consistent than for
positive impulse polarities.
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Abstract: One of the most important parameters of the performance of grounding systems is the
soil resistivity. As generally known, the soil resistivity changes seasonally, hence the performance of
grounding systems, at DC and under high impulse conditions. This paper presents the performance
of grounding systems with two different configurations. Field experiments were set up to study the
characteristics of the grounding systems seasonally at power frequency and under high impulse
conditions. A review of field testing on practical grounding systems was also presented. It was found
that the soil resistivity, RDC and impulse characteristics of grounding systems were improved over
time, and the improvement was higher for electrodes that have more contact with the soils.

Keywords: grounding; grounding electrodes; high impulse conditions; seasonal; soil resistivity

1. Introduction

Grounding systems are necessary to discharge high fault currents to ground and ensure the safe
operation of power systems at all time. It was reported in IEEE Standard 81 [1] that due to the soil
settling process and compactness of the soil, the earth impedance of ground electrode decreases slightly
over a year or more after installation, due to the soil settling process and improved compaction in
the soil. A few research investigations have also been reported on the influence of soil resistivity on
practical grounding systems at power frequency and high impulse current [2,3]. As generally known,
soil composition, inhomogeneity, hydrological, geological process can vary seasonally, and some
studies have analysed the seasonal influence on grounding systems in terms of resistance values at low
voltage, and low currents by field experiments [4–7]. However, limited studies have been published
on the seasonal influence on the performance of grounding systems under high impulse conditions.
He et al. [8] observed the seasonal influence on grounding systems under high impulse conditions
for two seasons: winter and summer. They observed that the soil resistivity at the top layer was
stable, whereas a higher soil resistivity of the bottom layer was observed during winter than during
summer [8]. This resulted in higher resistance at the power frequency in winter than during summer.
When the impulse factor was measured as the ratio of Rimpulse to RDC, a close impulse factor was
obtained for both seasons. However, the investigations on the impulse characteristics of grounding
systems were completed for two seasons, and no continuous measurement was made in between
the seasons.
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Further, the time period required for the checking and maintenance of grounding systems for
both at power frequency and transient conditions has not been intensively studied or suggested.
IEEE Standard 80:2013 [9] suggests the ground resistance be checked periodically after completion
of construction, however, no specific time period is mentioned. Similarly, IEEE Standard 142: [10]
and IEEE Standard 81 [1] state that power frequency tests should be conducted periodically, however,
again no specific time period is suggested. Due to the lack of study on the seasonal performance of
grounding systems and suggested time periods that can be found in literature, this paper therefore
aims to address this shortfall.

In this study, field tests were used to investigate the characteristics of two practical grounding systems
under high magnitude current surges throughout the year. Seasonal influences on the steady-state and
impulse resistances were investigated, which represents the condition when the grounding systems were
left over a period of time in real practice. These measurements allow a better understanding of the seasonal
performances of grounding systems and provide information on how frequently grounding systems need
to be checked and maintained after installation.

2. Experimental Arrangement

2.1. Review of Field Testing and Measurements

Different test arrangements may result in different and unreliable results when measuring the
impulse characteristics of practical grounding systems. A review of field testing and measurement
of impulse tests on grounding systems was firstly performed, to present various test set-ups and
arrangements adopted in previously published works [2,8,11–27]. The study of soil behavior under
impulse condition by means of field testing showed that the resistance decreased with increasing
current [2,12–27]. It was noted from these studies [2,11–27] that the main concerns in the field
measurements are the costs, logistics and time challenges. The guidelines were also found to be
limited, due to the limited standards for field testing and measurements of grounding systems under
high impulse conditions.

There are a few well established methods suggested in the standards on the measurements of earth
resistance of earthing systems at low voltage and low frequency currents, namely the two-point method,
three point method, ratio method, staged fault tests and fall-of-potential method [1,9,10]. However,
it is now well accepted that soil characteristics under high magnitude impulse currents would become
‘non-linear’ and different than measured at low voltage and low frequency currents [2,8,11–27]. Due to
the different characteristics of earthing systems under high impulse currents than when under low
voltage, low frequency currents, there is a need to assess the practical earthing systems under high
impulse conditions.

Field measurements undoubtedly can provide important results concerning the impulse characteristics
of earthing systems since they represent the closest scenario to when high currents are practically discharged
to grounding. With the improvement of impulse voltage/current generators which can be mobilized to the
sites, impulse characterisations of earthing systems under high impulse conditions by field measurements
have now become popular. Since then, a lot more studies have been directed towards impulse tests on
earthing systems using field measurements. However, the measurement and testing methods found in
these papers [11,13–27] differ from one another, which could be due to the lack of standards emphasising
the required guidelines, as well as the great dependence on the available configurations and test site.

Since it is now well accepted that the impulse characteristics of earthing systems are different
from those at low voltage low frequency currents, it is equally important to assess the performance
of earthing systems under high impulse conditions. IEEE Standard 81 [1] provides some guidance
and recommendations for measurements of earthing systems under high impulse conditions by field
measurements, however they do not address it quantitatively, probably due to the little research work
that has been carried out on grounding assessment under high impulse currents by field measurements.
Other than the costs, logistics and time challenges in the field measurements, technical challenges are
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the main issues faced by researchers in performing field measurements of the impulse characteristics
of earthing systems. This is due to the limited testing standards for field testing and measurements of
earthing systems under high impulse conditions. Another technical challenge is due to the limited
number of impulse generator manufacturers who are willing to tailor their designs to allow them to be
mobilized to the field sites. So far, to the authors’ knowledge, standards on impulse tests on practical
earthing systems available in the literature are limited.

2.1.1. Distance of Remote Earth from the Electrode under Tests

In IEEE Std 81 [1], brief guidelines are provided for measurements at field sites using a mobile
impulse generator. The work presented in IEEE Std 81 [1] is based on the tests conducted at the Georgia
Institute of Technology. It was suggested in IEEE Standard 81 [1] to have the same leads and reference
ground arrangement as that used for low-frequency Fall-of-Potential (FOP) tests. Figure 1 shows the
test arrangement for the experimental test set-up of earthing systems under high impulse conditions.
The distance of the electrode under test to the earth probe is 62% of the distance between the electrode
under test to the remote earth. As for the ground mat, it was recommended in IEEE Std. 80 [9] that the
dimensions of the electrode under test to the remote earth be extended by 3 to 4 times the diagonal
dimensions of the ground mat. However, the IEEE standard guidelines are brief, and many other
authors [11,13–22] have adopted other test set-up arrangements in their measurements, where all these
distances were not as specific as those highlighted in the IEEE Standard [1].

2.1.2. Impulse Generator

As for the mobile impulse generator, no generally accepted standard has been presented so far. Some
studies [18] used laboratory facilities, without any special design changes to the impulse generator for the
testing of earthing systems by field measurements. On the other hand, some studies [13,15,16,19] have
used impulse generators purposely built for their tests of earthing systems under high impulse conditions
by field measurements. Marimoto et al. [16] have exclusively developed a weatherproof mobile impulse
voltage generator in an effort to test the grounding systems of power substations.

No detailed information has been published in the standards on the specific methods, procedures
and precautions of the measurements for testing the earthing systems at field sites. It was briefly
highlighted in [1] that the current and voltage leads should be isolated from earth to avoid any
interference, which can be done by hanging the leads over polyvinyl chloride (PVC) conduits. Different
methods of hanging these leads to isolate the earth have also been found in some other studies [16,19].
However, other studies have not mentioned any consideration of the isolation of the leads [17–21].
This shows that there is a need to clarify the proper measurement methods.

2.1.3. Remote Earth/Auxiliary Earth

Another important parameter that needs to be considered in the experimental arrangement forthe
testing of earthing systems by field measurements is the auxiliary ground, which is needed to carry the
return current to the impulse generator via the ground under tests. So far, to the authors’ knowledge,
no specific standard has discussed the design requirements of this auxiliary ground.

Some authors have constructed auxiliary grounds around the electrode under tests. In this
arrangement, a bigger remote earth size is expected since it is installed around the electrode under test.
Thus, the earth resistance values of the ring electrode may be expected to have lower earth resistance
values than the electrode under test. References [20,21] have used a remote earth installed around
the electrode under tests. A few clarifications are needed when having the remote earth around the
electrode under tests such as the appropriate radius of remote earth that should be constructed around
the electrode under tests.

On the other hand, some authors [12,13,15–19] used separate earthing systems, which are
constructed away from the electrode under tests as the auxiliary ground. It is stated in IEEE Standard
80 [1] that the earth resistance of remote earth should be lower than that the electrode under tests.
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However, many times the steady state earth resistance values of the remote earth have not been
mentioned or addressed by some authors. Though the remote earth constructions look bigger in the
published work [12,13,15–19], the earth resistance values of the remote earth were not specifically
mentioned in the papers. Yunus et. al. [17] studied the effects of earth resistance values of remote earths
on the electrodes under test for when the remote earth was placed away from the electrode under test.
Some significant observations were that the results were found to be different than the findings in
most literatures, with higher earth resistance values of the remote earth than that the electrode under
tests [17], and where the impulse earth resistance value was found to be higher than that measured
at low voltage and low frequency currents (DC earth resistance value) when higher remote earth
resistance values were used. They also found that the earth resistance values of electrodes under test
increased with increasing currents in the higher earth resistance values of the remote earth [17].

Further, Abdullah et al. [22] compared both arrangements (remote earth around the electrode
under test and remote earth placed at some distance away from the electrode under tests). They [22]
found close agreement between the results of these two arrangements. This shows that both test
arrangements are acceptable, as long as the condition that the earth resistance value of the remote
earth be smaller than that of the electrode under testing is met.

2.1.4. Placement of Current Transducer

Other concerns for the field measurements and testing of the earthing systems under high impulse
conditions are the placement of current transducers during the field measurements. In some published
papers [23–26], the experimental arrangement was not shown at all, though some parameters of the
generators and test circuit are described. Due to the different possible arrangements of the remote
earth, surrounding the electrode under tests and away from the electrode under test, as highlighted in
Section 3, the placement of the current transducer (CT) would expectedly be different too.

Here, the placement of the CT for the remote earth placed at a distance away from the electrode
under test is discussed first. In IEEE Standard 81 [1], the current transducer was placed at the
electrode under test, at the same point where the cable of voltage divider was also connected. Some
studies [15,21,24,25,28] also positioned the CT in series to the electrode under tests.

On the other hand, for the arrangement where the remote earth is placed at some distance away
from the electrode under tests, Chen and Chowdhuri [27] measured the current at the remote earth,
and not in series to the electrode under tests. So far, to the authors’ knowledge, such an arrangement
was only found in their paper [27]. As for other papers, i.e., [13,15,16], they did not clearly show the CT
placement, though there were some current measurements. Due to a lack of test set-up arrangements,
the authors feel that there is a need for a proper standard for impulse tests on earthing systems by
field measurements. As for other kinds of arrangement where the remote earth is installed around the
electrode under tests, the CT is more commonly placed at the remote earth [12,20,22].

2.2. Test Set up for This Study

In the investigation described in this paper, a mobile impulse generator which is capable of
generating high voltages up to 300 kV and high impulse currents up to 10 kA was used (see Figure 1).
The impulse generator was powered by a diesel generator. Current measurements were achieved with
a current transformer of sensitivity of 0.01V/A and with an attenuation of the probe of ×10. A resistive
divider with a ratio of 3890:1 was used for voltage measurements. Two commercially available digital
storage oscilloscopes (DSOs), powered by batteries, were used to capture the voltage and current
signals separately. In order to avoid any interferences and flashover in the circuit, all equipment and
leads were placed above ground. For the diesel generator and impulse generator, an epoxy was used
as a frame to separate them from the ground. For the DSOs, the batteries are placed on an insulation
table, made of epoxy. All the leads and mesh cables were isolated from the ground by hanging the
leads on epoxy insulation rods. Figure 2 shows the experimental arrangement of the impulse tests of
grounding systems under high impulse conditions.

281



Energies 2019, 12, 1334

 
Figure 1. Equipment used for field measurements.

Figure 2. Test set-up for field measurements.

2.3. Electrodes under Tests

In this study, two configurations were adopted: a grounding device with spike rods (configuration
1) and one with four rod electrodes (configuration 2), shown in Figures 3 and 4, respectively.
Configuration 2 represents a conventional electrode, where the design does not emphasize any
enhancement of the ionization process. Configuration 1 was developed based on the evidence from the
work by Petropolous [28] that when spikes or needles were attached to the spherical electrode, lower
impulse resistance values were noted for the same voltage due to the higher field intensities at the
spikes. This indicates the effectiveness of the earth electrodes with spikes as compared to electrodes
without spikes. In this paper, a new grounding electrode with spike rods is introduced. By having
spike rods at the electrodes, a high electric field intensity will be concentrated at the spikes, which
encourages soil ionisation and breakdown processes to take place, hence allowing more current to be
discharged to the ground. This will result in a more effective grounding system. For this reason, and to
provide more contact between the electrodes and surrounding soil, a grounding device with spike rods
(consisting of two rods (inner shaft (120) and outer shaft electrodes (110)) was adopted. The grounding

282



Energies 2019, 12, 1334

device with spike rods is 1.5 m in length. The diameter of the inner rod is 3 cm, and outer rod is 5 cm,
with a gap between inner and outer rods of 1 cm. There are five spikes (123), each one of 20 cm length.
During the installation, the spike rods (123) are kept closed from the surface. For the installation,
due to its large diameter, a pre-bore with a diameter of 4 cm was firstly performed using an auger.
Upon completing a pre-bore hole with a depth of 1.5 m, the grounding device with spike rods (100) is
positioned into the hole, in a generally vertical configuration, with all the spike rods (123) concealed
and protected from damage within the shaft. The outer shaft (110) is subjected to impact force while
it is driven through hammering into the ground. During driving, the top end is protected by a dolly
or capping to protect the top end of the shaft against any damage from driving or hammering the
electrodes. Once the grounding device with spike rods (100) reached the required distance, 1.5 m,
the inner shaft (120) was turned using the provided winch (121) in such a way that the grounding spike
rods (123) protruded out and pierced into the soil mass. An indication that all the spike rods (123)
protrude out is when the winch stops, and is not able to turn the inner shaft (120) anymore. Another
type of ground electrode used in this study consists of four ground rod electrodes, with each rod of
20 mm diameter, and a depth of 1.5 m. Copper mesh of 25 mm width and thickness of 2 mm was used
to connect the rod electrode at all four points, as shown in Figure 4.

Figure 3. Configuration 1, consists of a grounding device with spike rods.

Figure 4. Configuration 2 for the tests, consisting of a 2 m × 2 m grounding grid.
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In this study, the Finite Element Method (FEM) was utilized to obtain the voltage profiles for both
configurations. Figures 5 and 6 show the point of electric profile is taken for configurations 1 and
2, respectively. The soil resistivity was taken at the beginning of the tests using a Wenner Method,
which was computed as a two-layer medium model, using a Current Distribution, Electromagnetic
Fields, Grounding and Soil Structure Analysis (CDEGS) software. It was found that the resistivity
at the top layer is 119.5 Ωm with a depth of 7.18 m, and the bottom of a two-layered soil is 391 Ωm,
with an infinite depth. Both configurations were injected at 5 kA. The corresponding trends of the
electric field for configurations 1 and 2 are shown in Figures 7 and 8, respectively. As can be noted,
the shapes of the electric fields for both configurations are different when a similar soil resistivity layer
was used. A higher and more non-uniform electric field was noted for configuration 1, where the
maximum surface potential is 820 MV (see Figure 7). For the case of configuration 2, the potential
is rather uniform, with 650 MV at the rod, and 180 MV at the copper strips (see Figure 8). The FEM
simulation indicates that configuration 1 is preferred, since it can increase the electric field significantly,
and has non-uniform electric field, thus reducing the earth resistance value more significantly under
transient conditions, compared to configuration 2.

Figure 5. Electric profile is taken along the spike rods.

Figure 6. Electric profile taken along the conventional rods.
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Figure 7. Electric field along the spike rods.

Figure 8. Electric field along the conventional rods.

2.4. Auxillary or Remote Electrodes

A larger size of auxillary or remote earth grounding system was used, so that a lower earth
resistance value was achieved, in comparison to the test electrodes, presented earlier in Section 2.2.
In this study, the remote earth was installed 50 m away from the electrode under tests. Figure 9 shows
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the remote earth used in this study, which consists of a 20 m × 30 m grounding grid. The spacing
between copper strips is 5 m apart for the 20 m side and 15 m apart for the 30 m side. Hard copper
strips of 30 mm width and 2 mm thick were used, which were buried 300 mm below the earth’s surface,
and welded exothermically to 12-rod electrodes, where each one is 20 mm in diameter, and 1.8 m
long. Using a Fall-of-Potential (FOP) method, the earth resistance values of the remote earth were
measured, and found to range between 8.5 Ω to 10 Ω throughout the year, which is always lower than
the electrodes under tests.

Figure 9. A 20 m × 30 m remote earth mesh.

3. Results and Analysis

Using the Wenner method, the soil resistivity was measured in March 2018 and March 2019 to see
variations in soil profile over the year. Configurations 1 and 2 are 30 m apart. The soil resistivity was
measured at the site over 150 m-long lines within the test site, and these configurations were installed
within this 150 m-long line. The results were then modeled into 2-layer soil model using Current
Distribution, Electromagnetic Interference, Grounding and Soil Structure Analysis (CDEGS), which
results are summarised in Table 1. As can be seen, the soil resistivity slightly varied over the year,
with the height of the first layer also being reduced after a year. FOP, as outlined in IEEE Standard
81 [1] was applied to measure the DC and low-current resistances of configurations 1 and 2 throughout
the year, which are shown in Table 2. The resistances of both configurations were found to reduce
after the installation, where a higher reduction was seen for configuration 1, with a decrease by more
than 20% throughout the year. This could be due the presence of five spike rods, which provide more
contact within the soil, as compared to configuration 2. It was also noted that for the measurement
in September 2018, high RDC values were noted for both configurations, with respect to any other
months. It was experienced by the authors that during the measurement, the weather was hotter than
the rest of the months.

Table 1. Soil resistivity profile.

Month of Measurement
Soil Resistivity of
Layer 1, �1 (Ωm)

Soil Resistivity of
Layer 2, �2 (Ωm)

Height of Layer 1 (m)

March 2018 119.5 391.0 7.2

March 2019 111.4 454.2 5.2

Right after RDC measurements, impulse tests were performed on both test electrode configurations
on the same day. Impulse currents and the corresponding voltages were measured and shown in Figures 10
and 11 for configuration 1, at charging voltage of 30 kV and 210 kV, respectively, for test no. 1. As can be
seen in the figures, faster times to discharge to zero for both voltage and current traces was seen at higher
voltage magnitudes. Similar voltage and current traces were seen for configuration 2, and for other test
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nos., where faster times to discharge to zero for both voltage and current traces at higher currents were
observed. The time to discharge to zero for voltage and current was plotted against the applied voltage for
all the tests, the time to discharge to zero decreased with applied voltage, as shown in Figures 12 and 13 for
configuration 1 and 2, respectively. Both configurations were found to have the slowest time to discharge
to zero for test no.4, which has high RDC. Both configurations with the lowest RDC (in Dec. 2018) were
found to have the fastest discharge time to zero, indicating a good conductivity of the grounding systems.
Time to discharge to zero was also found to be higher for configuration 1, in comparison to configuration
2 (see Figures 14 and 15) for test no. 1 to 3, and no. 3–7 respectively). The results also indicated that the
lower the RDC, the faster the time for current and voltage to discharge to zero.

Table 2. Measured resistance of electrodes at power frequency, low-current tests.

Test No. Date of Measurement

DC Resistance, RDC (Ω)

Conf. 1
Percentage Difference from

the First Reading (%)
Conf. 2

Percentage Difference from
the First Reading (%)

1 21/03/2018 91 0 60.9 0

2 07/05/2018 69.1 24.1 55.2 9.36

3 02/08/2018 69.7 23.4 57.5 5.58

4 03/09/2018 84.2 7.25 80.3 −31.9

5 17/10/2018 71.9 20.99 57.1 6.24

6 21/11/2018 70.7 22.3 55.9 8.2

7 17/12/2018 70.1 23 57.1 6.24

8 25/2/2019 69 24.2 55.5 8.9

Figure 10. Voltage and current traces for configuration 1 at a charging voltage of 30 kV.

Figure 11. Voltage and current traces for configuration 1 at a charging voltage of 210 kV.
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Impulse resistance values were measured as the ratio of the voltage at current peak to the
current peak, and plotted versus the peak current, as shown in Figures 16 and 17 for configurations
1 and 2, respectively. The resistance values obtained from these tests were found to decrease with
current magnitude, indicating the effect of impulse currents on the characteristics of test electrodes
for configurations 1 and 2. It was noted that the impulse resistance are lower a few months after
installation, showing improvement in the grounding systems for both configurations. In order to
determine the effectiveness of the test electrodes in comparison to its RDC, the percentage of reduction
of impulse resistance from its corresponding RDC was measured as (1), where the Rimpulse was taken
as the average impulse resistance measured from varying the charging voltage of 30 kV until 210 kV:

Percentage of resistance reduction =

(RDC − Rimpulse

RDC

)
× 100% (1)

Figure 12. Time to discharge to zero for voltage and current traces for configuration 1 throughout the year.

Figure 13. Time to discharge to zero for voltage and current traces for configuration 2 throughout the year.
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Figure 14. Time to discharge to zero for voltage and current traces for configuration 1 and 2 for tests
no. 1 to 3.

 
Figure 15. Time to discharge to zero for voltage and current traces for configuration 1 and 2 for tests
no. 4 to 7.

Figure 16. Impulse resistance vs. peak current for configuration 1 throughout the year.
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Figure 17. Impulse resistance vs. peak current for configuration 2 throughout the year.

Table 3 summarises the impulse factor for both configurations, measured throughout the year. As can
be seen from the table, percentage of resistance reduction is higher for configuration 1, in comparison
to configuration 2. A higher percentage of resistance reduction for configuration 1 after a months of
installation was also noted, showing the effectiveness of the earth electrode design with spike rods.

Table 3. Percentage of impulse resistance reduction from RDC throughout the year.

Test No.

Configuration 1 Configuration 2

RDC Average Rimpulse (Ω)
Resistance Reduction

from RDC (%)
RDC Average Rimpulse (Ω)

Resistance Reduction
from RDC (%)

1 91 33.94 62.7 60.9 33.4 45.1

2 69.1 32.4 53.1 55.2 22.0 60.1

3 69.7 23.5 66.3 57.5 23.3 59.5

4 84.2 28.2 66.5 80.3 27.6 65.6

5 71.9 23 68 57.1 22.2 61.1

6 70.7 22.5 68.2 55.9 21.4 61.7

7 70.1 21.1 69.9 57.1 18.4 67.8

4. Conclusions

Power frequency and impulse tests by field measurements on a grounding device with spike
rods and a small grid were performed throughout the year. It was found that under high impulse
conditions, the RDC of both configurations became lower after months of installation. The percentage
of reduction of RDC from the first installation was found to be more pronounced for configuration 1
than configuration 2, suggesting the effectiveness of the new grounding electrode with configuration 1.
This could be due to the spike rods in the grounding electrode, providing more and better contact of the
electrodes with the soil, hence reducing the RDC. The characteristics of both configurations were also
investigated under high impulse currents. The percentage of earth resistance reduction of Rimpulse from
its RDC was found to be higher for configuration 1. In addition, a higher percentage of earth resistance
reduction was exhibited for configuration 1 after months of installation, indicating an improvement in
the grounding systems for electrodes with spikes. The results from the study provide an important
guideline for power engineers concerning the time period that needs to be considered for maintenance
of grounding systems, where it is desirable to perform the maintenance of grounding systems after one
year of installation. The results indicate that it may be desirable to consider using electrode rods with
spike rods, so that earth resistance values can be reduced under transient conditions. This scenario
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gives a more effective grounding system, which enhances the ionisation process and increases the
dissipating current.
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Subscripts and Abbreviations

DC Direct current
Rimpulse Resistance values measured under impulse condition
RDC Resistance values measured at low voltage, low frequency currents
DSO Digital Storage Oscilloscope
FEM Finite Element Method
CDEGS Current Distribution, Electromagnetic Fields, Grounding and Soil Structure Analysis
FOP Fall-of-Potential
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