
applied  
sciences

Article

Detecting Grounding Grid Orientation: Transient
Electromagnetic Approach

Aamir Qamar 1,∗ , Inzamam Ul Haq 2, Majed Alhaisoni 3 and Nadia Nawaz Qadri 1

1 Department of Electrical and Computer Engineering, COMSATS University Islamabad, Wah Campus,
Wah 47040, Pakistan; drnadia@ciitwah.edu.pk

2 Department of High Voltage and Insulation Technology, Chongqing University, Chongqing 400044, China;
inzimam.324@gmail.com

3 College of Computer Science and Engineering, University of Ha’il, Ha’il 2440, Saudi Arabia;
majed.alhaisoni@gmail.com

* Correspondence: aamirqamar@ciitwah.edu.pk; Tel.: +92-3339869637

Received: 7 November 2019; Accepted: 2 December 2019; Published: 4 December 2019
����������
�������

Abstract: The configuration is essential to diagnose the status of the grounding grid, but the orientation
of the unknown grounding grid is ultimately required to diagnose its configuration explicitly. This
paper presents a transient electromagnetic method (TEM) to determine grounding grid orientation
without excavation. Unlike the existing pathological solutions, TEM does not enhance the surrounding
electromagnetic environment. A secondary magnetic field as a consequence of induced eddy currents is
subjected to inversion calculation. The orientation of the grounding grid is diagnosed from the equivalent
resistivity distribution against the circle perimeter. High equivalent resistivity at a point on the circle
implies the grounding grid conductor and vice versa. Furthermore, various mesh configurations including
the presence of a diagonal branch and unequal mesh spacing are taken into account. Simulations are
performed using COMSOL Multiphysics and MATLAB to verify the usefulness of the proposed method.
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1. Introduction

The grounding grid ensures the safety of personnel and power equipment in the substation facility.
It also provides stable voltages to the equipment without disturbing the continuity of supply. The main
aim of the grounding grid is to provide a low impedance path to fault currents caused by lightening strikes,
short circuits, and switching surges [1–4].

The grounding grid is a lattice of horizontal bare conductors extending across the entire area
of the substation. It is mainly made up of steel, galvanized steel, copper, copper clade steel, etc.
Practically, the mesh size of a grounding grid varies from 3 m to 7 m with a depth from 0.7 m to
1 m [5]. As the grounding grid is hidden inside Earth, vertical conductors are the only access points
from the Earth’s surface. Moreover, fault currents are effectively dissipated into the Earth via vertical
grounding rods that connect the grounding grid with low resistivity soil. Based on the substation
configuration, the grounding grid mesh may be of equal or unequal spacing and may have a diagonal
branch. The optimized configuration of the grounding grid plays a vital role in improving its efficiency.
Therefore, the configuration is frequently modified, which is achieved by changing the mesh and adding
vertical grounding rods [6,7]. A typical grounding grid is shown in Figure 1.
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Grounding grid resistance (Rg), ground potential rise (GPR), maximum touch voltage, and maximum
step voltage are the key parameters for measuring the performance of the grounding grid [5]. The step and
touch voltages are influenced by the GPR and the configuration of the equipment in a substation. In case
of a lightning strike, the step and touch voltages are the significant factors to improve the safety of the
grounding grid [8,9]. After years of operation, grounding conductors corrode and even break. Corrosion
occurs due to the presence of water particles and air gaps in soil. Corrosion and breakpoints reduce the
efficiency of the grounding grid, which can cause serious damage to the equipment, as well as personnel.
Therefore, the stable operation of the grounding grid requires regular diagnostic tests.

Figure 1. Grounding grid and its characteristics.

In essence, the performance analysis of unknown grounding grids is comprised of the following
stages: fault diagnosis, configuration detection, and orientation detection; the former being dependent on
the latter. Out of the three stages, orientation detection is the least addressed stage in spite of being very
basic to the performance analysis of the unknown grounding grid. This is because the existing literature
has considered the orientation of unknown grounding grids as parallel to the substation boundary, which
practically may differ and leads the existing methods of configuration detection to ultimately fail [10].
Therefore, this paper proposes the transient electromagnetic method (TEM) to diagnose the orientation
of the unknown grounding grid. Furthermore, the proposed method is validated for different mesh
configurations of the grounding grid.

2. Related Work

There has been growing interest in fault diagnosis as excavation is resource intensive both in terms of
time and effort. Recent studies on fault diagnosis of the grounding grid can be categorized into electric
network methods [11–14], electromagnetic methods [15–18], electrochemical detection methods [19], and
transient electromagnetic methods [16,20]. Electrical network methods are based on the surface potential
difference and port resistance. These methods have low accuracy as the surface potential difference and
port resistance are very small even if the grid is broken. Electromagnetic methods are based on processing
the surface magnetic intensity once the current is injected in the grid. The accuracy of these methods
depends on soil resistivity. Once the soil condition is changed, re-measurements are required. Grounding
grid corrosion level is easily detected by the electrochemical method by measuring the electrochemical
properties between grounding conductors and soil. However, this method fails to diagnose breakpoints
in the grounding grid. In the transient electromagnetic method, equivalent resistivity is calculated by
performing fast inversion calculations on the secondary magnetic field. Faults in the grounding grid are
diagnosed from the distribution of equivalent resistivity.
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The configuration or topology plays a vital role in the performance of the grounding grid. It is
also an essential requirement for fault diagnosis. Although the drawing layout of the grounding grid
shows its complete configuration, it is prone to human error, leading to spoilage or loss. Research on
the configuration detection of the grounding grid is limited. The derivative method was used by [21,22]
to measure the grounding grid configuration. The drawback associated with the derivative method
is the occurrence of false peaks due to the surrounding electromagnetic environment. The transient
electromagnetic method (TEM) was used by [23] to determine the grounding grid configuration. Measuring
points with high equivalent resistivity and low magnetic intensity showed the presence of the grounding
conductor. Furthermore, the wavelet edge based detection technique was utilized by [24] to image the
configuration of the grounding grid.

Currently employed methods of configuration detection have assumed grounding grid orientation
parallel to the substation boundary. This makes the grounding grid orientation parallel in the plane of the
Earth. Practically, the orientation of unknown grounding grids is not known. In such a scenario, existing
configuration detection methods fail to deliver accurate results [10]. Although [25] utilized magnetic
detection electrical impedance tomography (MDEIT) to measure grounding grid configuration irrespective
of its orientation, this method requires numerous measurements. Figure 2 illustrates the parallel and
non-parallel orientation of the grounding grid with respect to the substation boundary.

(a) (b)

Figure 2. Grounding grid orientation with respect to the substation boundary. (a) Grounding grid oriented
parallel along the substation boundary. (b) Grounding grid with non-parallel orientation along the
substation boundary.

The literature on grounding grid orientation detection is extremely limited. Existing methods
regarding orientation detection only include the derivative method [10,26]. This method is based on
the derivative of the surface magnetic flux density and the concept of locating the geometrical object in
the polar plane. The derivative method [10,26] performs well only when the substation electromagnetic
environment (EME) is ignored, otherwise the method collapses. The effect of EME on the derivative
method is illustrated in Figure 3. This figure is comprised of the following: Figure 3a is the original signal
(magnetic flux density ~Bz) from the grid [26]; Figure 3b is the surrounding EME signal; Figure 3c is the
magnetic flux density ~Mz when ~Bz and EME signals are combined; and Figure 3d is the derivative of
~Mz. False peaks along true peaks are originated, distorting the result completely. The incorrect resulting

consequences come from the EME enhancement due to the derivative.
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This paper employs the transient electromagnetic method (TEM) to diagnose the grounding grid
orientation without soil excavation. Unlike the derivative method, TEM is independent of the current
injection that brings the disturbing inhomogeneity of the surface magnetic flux density. Furthermore, it
does not enhance the effect of surrounding EME. The feasibility of the proposed method is also tested
for various complex mesh configurations. This incorporates the presence of the diagonal branch and
unequally spaced grid configuration.

(a) (b)

(c) (d)

Figure 3. Influence of the surrounding electromagnetic environment (EME) on the derivative method.
(a) Surface magnetic flux density ~Bz pertaining to the grounding grid in [26]. (b) Surrounding EME.
(c) Mixed signal ~Mz of magnetic flux density ~Bz and the surrounding EME. (d) Derivative of mixed signal
~Mz. This signal contains fake peaks due to the presence of EME, which causes the identification of true

peaks to be impossible.
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3. Transient Electromagnetic Method

The transient electromagnetic method (TEM) is widely used for geological exploration of underground
minerals [27–29]. It is an effective method for determining the electrical resistivity of underground
layers [30], as well as the fault diagnosis of the grounding grid [16,20].

Illustrated in Figure 4 is a typical TEM system that includes a transmitter-receiver pair to transmit
and receive magnetic fields. The primary magnetic field is produced by injecting the pulse current of the
ramp wave in the transmitter coil. The time varying primary magnetic field induces eddy currents in
the grounding conductors. The secondary magnetic field due to the induced eddy currents is recorded
above the surface by the receiver coil. This coil is located in the center of the transmitter coil. Inversion
calculation of the induced electromotive force (emf) in the secondary coil is obtained utilizing equivalent
resistivity imaging equations based on the smoke ring concept [31]. The location of grounding conductors
is determined from the equivalent resistivity and magnetic field distribution. High equivalent resistivity
and low magnetic field indicate the presence of the grounding conductor and vice versa.

Figure 4. A typical transient electromagnetic method (TEM) system probing the underground grid.
The primary magnetic field due to the transmitter coil interacts with the grid buried in the soil and
induces eddy currents. Induced eddy currents produce a secondary magnetic field that travels upward to
the Earth’s surface and collected by the receiver coil placed in the center of the transmitter coil.

The vertical component of the secondary magnetic field in the center of transmitter coil is expressed
as [32]:

Hz =
Itc

2rtc

[
3√
πu

e−u + (1− 3
2u2 )er f (u)

]
(1)

where rtc is the radius of the transmitter coil, Itc is the magnitude of transmitter current, u is the transient
magnetic field parameter, and er f (u) is the error function expressed as:

er f (u) =
2√
π

∫ u

0
e−u2

dt (2)

The induced electromotive force E(t) is obtained as [32]:

E(t) =
Itc

σr3
tc

[
3er f (u)− 2√

π
u(3 + 2u2)e−u2

]
(3)
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where σ is the conductivity of the underground medium. The transient magnetic field parameter u is
expressed as:

u =

√
µσr2

tc
4t

(4)

The conductivity σ is obtained from (4) as:

σ =
4u2t
µr2

tc
(5)

Inserting σ in (3), E(t) becomes:

E(t) =
Itcµ

4u2trtc

[
3er f (u)− 2√

π
u(3 + 2u2)e−u2

]
(6)

A function F(u) is setup using (6):

3er f (u)− 2√
π

u(3 + 2u2)e−u2 − 4u2rtctE(t)
µItc

= 0 (7)

F(u) = 3er f (u)− 2√
π

u(3 + 2u2)e−u2 − 4u2rtctE(t)
µItc

(8)

As resistivity ρ is reciprocal to conductivity σ, so the apparent resistivity in terms of u is given by:

ρ(t) =
µr2

tc
4u2t

(9)

Employing the iterative method in (8), the transient magnetic field parameter u is determined.
The vertical depth d(m) and downward velocity v(m/s) of the induced eddy currents can be

calculated as [31]:

d =
4√
π

√
tρ
µ

(10)

v =
2√
π

√
ρ

tµ
(11)

where t is the sampling time and µ is the permeability of the medium. Downward velocity v(m/s) between
two consecutive time samples is expressed as:

v =
di+1 − di
ti+1 − ti

(12)
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where ti and ti+1 are the two consecutive time samples and di and di+1 are the corresponding vertical
depths. Comparing (11) and (12) yields:

di+1 − di
ti+1 − ti

=
2√
π

√
ρ

tµ
(13)

ρr =

(
πtµ

4

)
(di+1 − di)

2

(ti+1 − ti)2 (14)

where ρr is the equivalent resistivity. Taking two consecutive time samples ti and ti+1 into account, (10) is
expressed as:

di+1 − di =
4
√

πµ

[√
ti+1ρi+1 −

√
tiρi

]
(15)

Inserting (15) into (14), the equivalent resistivity ρr is equal to:

ρr = 4t
[√

ti+1ρi+1 −
√

tiρi
ti+1 − ti

]2

(16)

where t = ti+1+ti
2 is the average of two consecutive time samples and ρr equals:

ρr = 4

[√
ti+1ρi+1 −

√
tiρi

ti+1 − ti

]2[
ti+1 + ti

2

]
(17)

where ρi is the apparent resistivity at the ith time sample.

4. Performance Evaluation and Results’ Analysis

In this section, a performance study to demonstrate the viability of the proposed method for orientation
detection of the grounding grid is conducted. The evaluation study was performed through simulations.
Simulations were performed using Comsol Multiphysics 5.0, a Finite Element Method (FEM) based tool.
Furthermore, the inversion calculations of the recorded magnetic field above the Earth’s surface were
performed in MATLAB, and the results of the calculations are presented graphically.

4.1. Simulation Model

The simulation model shown in Figure 5 features a square grid of dimensions 4 m × 4 m.
The conductors are labeled C1 to C12 and arranged such that the mesh dimensions are 2 m × 2 m.
The conductors were cylindrical steel rods of radius 0.01 m and conductivity 4.032 ×106 S/m. The soil
considered was homogeneous with electrical resistivity equal to 5 Ωm. The grounding grid was buried
0.5 m under the Earth’s surface. The transmitter coil of radius 0.15 m was excited with a 16 A pulse current
of a trapezoidal wave. The secondary magnetic field was recorded 0.05 m above the surface at the center
of the transmitter coil after each 10 µs for a total of 100 time samples after the transmitter coil current was
turned off. The transmitter coil was moved in a circle of radius 1 m along points P1 to P8 such that the
angular displacement between adjacent points was 0.785 rad. The circle was centered at Node 5 acting as
pole, which in general must be identified from the position of the vertical conductor. According to IEEE
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std 80-2013 [5], the length of the grounding grid branches varies from 3 m to 7 m. Therefore, the radius of
the circle must be constrained to be between 0 m and 3 m.

Figure 5. Simulation model featuring the square grounding grid of dimensions 4 m × 4 m and mesh
spacing 2 m. Conductors are labeled C1 to C12 and nodes 1 to 9. I1 to I4 are the induced eddy currents
whose direction of flow is indicated by arrows. The TEM system is moved 0.05 m above the surface along
circle of radius 1 m from point P1 to P8.

Employing the inversion calculation for the secondary magnetic field of Figure 5, the corresponding
equivalent resistivity ρr is plotted in Figure 6. Here, ρr is high at points P1, P3, P5, and P7, illustrating the
presence of conductors C4, C10, C3, and C9 at analogous points. For instance, the equivalent resistivity at
P1 was high due to the opposite flow of eddy currents I3 and I4 in C4. Keeping in view the rectangular
geometry of a typical grounding grid and the characteristics of the polar coordinate system, it is inferred from
Figure 6 that the grid was oriented parallel in the plane of the Earth (parallel to the substation boundary).
Furthermore, the secondary magnetic field along P1 to P8 is shown in Figure 7. Here, the average value of
the magnetic field is plotted against each point. Due to the fact that the magnetic field from a medium is
inversely proportional to its resistivity, Figure 7 shows an inverse relation with Figure 6. Therefore, Hz was
low at P1, P3, P5, and P7, confirming C4, C10, C3, and C9.

Figure 6. Equivalent resistivity ρr along the circle from P1 to P8. High ρr at P1, P3, P5, and P7 corresponds
to the presence of conductors C4, C10, C3, and C9. C4 at 0 rad, C10 at 1.57 rad, C3 at 3.14 rad, and C9 at 4.71
rad along the circle showed the parallel orientation of the grid in the plane.
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Figure 7. Average magnetic field intensity Hz along the circle from P1 to P8. Hz is low at P1, P3, P5, and
P7, confirming the presence of C4, C10, C3 and C9, and the parallel orientation of the grid in the plane
of the Earth.

4.2. Grounding Grid with a Diagonal Branch

Grounding grids exist in different configurations depending on the substation layout. A diagonal
branch often exits in grounding grids. To check the feasibility of the proposed method for the orientation
detection of the grounding grid with a diagonal branch, conductor C13 was added to Figure 5. The model
with a diagonal branch is shown in Figure 8. C13 connected Nodes 1 and 5. TEM was applied by moving
the transmitter-receiver pair in a circle from P1 to P8, and the result of equivalent resistivity ρr is shown in
Figure 9. This time, ρr was high at P6 as eddy currents I1 and I2 opposed each other in C13, validating the
presence of diagonal conductor C13. Contrarily, ρr at P5 and P7 decreased although conductors C5 and C7

existed beneath them. This was due to unequal magnetic coupling as the mesh size had changed due to the
presence of diagonal conductor C13. Moreover, the average magnetic field Hz graph related to Figure 8 is
demonstrated in Figure 10. Diagonal conductor C13 was represented by low Hz at P6.

Figure 8. Grounding grid with diagonal conductor C13. C13 connects Nodes 1 and 5 while carrying I1 − I2.
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Figure 9. Equivalent resistivity ρr of Figure 8. High ρr at P6 validates the presence of diagonal conductor
C13. Unequal magnetic coupling due to an unequal mesh size results in low ρr at P5 and P7.

Figure 10. Average magnetic field intensity Hz along P1 to P8 related to Figure 8. Here, diagonal conductor
C13 is indicated by low Hz at P6.

4.3. Grounding Grid with Unequal Mesh Spacing

Demonstrating the feasibility of TEM for orientation detection of an unequally spaced grounding
grid, Figure 11 is taken into account. In this figure, conductors are labeled C1 to C12 and nodes 1 to 9.
The dimensions of meshes M1 and M2 were 2.5 m × 2 m, and those of M3 and M4 were 1.5 m × 2 m.
Consider Node 5 as a pole and moving the transmitter coil along the circle from point P1 to P8.
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M1

M2

M3

M4

Figure 11. Grounding grid with an unequal mesh configuration. The dimensions of meshes M1 and M2 are
2.5 m × 2 m and M3 and M4 are 1.5 m × 2 m.

In Figure 11, when the transmitter loop was at measuring point P1 with an angle of 0◦ and coordinates
(4.5,3), currents I3 and I4 flowed in conductor C4 in the opposite direction and canceled each other out. Thus,
the current was less and so was the recorded magnetic field at measuring point P1. At points P2 and P8 with
angles 45◦ and 315◦, respectively, the downward electromagnetic signal coupled extensively with mesh M4

and M3, thus inducing large eddy currents in the meshes. The recorded magnetic field at measuring points
P2 and P8 was almost equal and higher than at measuring point P1. Furthermore, when the transmitter loop
was at measuring point P3 with an angle of 90◦, currents I3 and I2 flowed in conductor C10 with an unequal
magnitude and did not cancel each other completely. This was because of unequal magnetic coupling in
meshes M4 and M2. Thus, the recorded magnetic field at measuring point P3 was less than at point P2, but
higher than at point P4. Similarly, the recorded magnetic field at measuring point P7 was less than at point
P8, but higher than at point P6.

Figure 12 and Table 1 illustrate that due to weak magnetic coupling, the recorded magnetic field
at measuring points P4 and P6 was almost equal and smaller than at measuring points P2 and P8. Thus,
the size of grounding grid meshes M1 and M2 was greater than the size of meshes M3 and M4.

Figure 12. Average magnetic field intensity Hz along P1 to P8 related to Figure 11. The large size of meshes
M1 and M2 results in weak magnetic coupling, and therefore, Hz at P4 and P6 is less than Hz at P2 and P8.
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Figure 13 displays the distribution of equivalent resistivity ρr calculated against the circle perimeter in
Figure 11. At point P1, ρr was high since currents I3 and I4 flowed in conductor C4 in the opposite direction.
Thus, the current was less, and the equivalent resistivity ρr was high. As depicted in Table 2, ρr at points
P2 and P8 in Figure 11 was low as compared to Figure 5. This was due to the small size of meshes M4

and M3 and, therefore, the strong magnetic coupling in these meshes. On the contrary, ρr was high at P4

and P6 due to the large size of meshes M1 and M2 and, therefore, the weak magnetic coupling. When the
transmitter loop was at measuring point P3 with an angle of 90◦, currents I2 and I3 flowed in conductor
C10 with unequal magnitude and did not cancel each other. Thus, the calculated equivalent resistivity ρr at
measuring point P3 was higher than at point P2, but smaller than at point P4. Similarly, ρr at measuring
point P7 was higher than at point P8, but smaller than at point P6.

Figure 13. Equivalent resistivity ρr related to Figure 11. The large size of meshes M1 and M2 results in
weak magnetic coupling and, therefore, ρr at P4 and P6 is higher than ρr at P2 and P8.

Table 1. Recorded magnetic field based on TEM.

Average Magnetic Field Intensity (A/m)

Measuring
Point

Equal
Mesh

Spacing

Equal
Mesh

Spacing and
Diagonal Branch

Unequal
Mesh

Spacing

P1 147.0995 264.8785 274.8785
P2 313.9748 340.748 330.748
P3 114.8244 280.854 114.8244
P4 343.3893 313.9748 90.345
P5 114.8244 313.9748 276.74
P6 343.3893 200.051 75.632
P7 114.2897 313.9748 114.8244
P8 313.9748 313.9748 330.748
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Table 2. Equivalent resistivity calculated based on TEM.

Average Equivalent Resistivity (Ωm)

Measuring
Point

Equal
Mesh

spacing

Equal
Mesh

Spacing and
Diagonal Branch

Unequal
Mesh

Spacing

P1 0.2889 0.2976 0.2916
P2 0.2752 0.2736 0.2758
P3 0.2889 0.2911 0.2889
P4 0.2752 0.2752 0.2933
P5 0.2944 0.2752 0.2900
P6 0.2752 0.2982 0.2944
P7 0.2889 0.2752 0.2889
P8 0.2752 0.2752 0.2758

Graphs of the equivalent resistivity ρr and average magnetic field intensity Hz illustrated the presence
of conductors C3 and C4 along the x-axis and conductors C9 and C10 along the y-axis. It was deduced that
the grounding grid was oriented parallel to the plane of the Earth.

5. Conclusions and Future Work

Grounding grid drawings are often lost and mishandled, altering the status of the grid from
known to unknown. In this paper, a new method to measure the orientation of the grounding grid
was presented. The method was not only independent of the current injection that brought the disturbing
inhomogeneity of the surface magnetic flux density, but also did not enhance the effect of the surrounding
EME. The transmitter-receiver pair of the TEM system was moved along a circle above the surface such
that the vertical conductor acted as the pole of the circle. According to the mesh spacing of the grounding
grid between 3 m to 7 m, the radius of the circle was constrained between 0 m to 3 m. Once the equivalent
resistivity ρr was determined from the secondary magnetic field Hz, high ρr and low Hz at a point on the
circle laid the basis for orientation detection of the grounding grid. Moreover, the proposed method was
also investigated for complex mesh configurations including the presence of a diagonal branch and an
unequally spaced mesh configuration. As an application, the paper used TEM to measure the orientation
of the grounding grid. Simulation results showed that the diagnosis was feasible.

There is a great need for further research to detect grounding grid orientation. This includes a
grounding grid with an unequal mesh spacing and a diagonal branch. Furthermore, the depth of the
grounding grid must also be considered in future research because it is critical for fault diagnosis.
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