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ABSTRACT Grounding grid configuration which, is key to its fault diagnosis, changes continuously with
the extension in a substation. Furthermore, older substations grounding grid configurations are unknown.
Existing literature regarding configuration detection mainly accounts for the magnetic field that required
a gradient to locate the grounding conductor. The gradient of raw measurement in the substation vicinity
enhances electromagnetic noise and distorts the results. Therefore, in this paper, we have developed a new
algorithm, Configuration Detection of Grounding Grid (CDGG) based on the static electric field and the
concept of ordered pairs to draw the configuration of the unknown grounding grid. Unlike, the practiced
magnetic field, the electric field does not require a gradient. The maximum electric field value indicates the
location of a grounding conductor. The connection between nodes is verified by measuring the electric field
on the circle. Furthermore, the proposed algorithm also locates any diagonal conductor in the configuration.
Mathematical reasoning and simulation results illustrate that our proposed algorithm is feasible to draw the
configuration of the unknown grounding grid.

INDEX TERMS CDGG, grounding grid, static electric field.

I. INTRODUCTION

The grounding grid is a part of a grounding system that
provides regular protection to a substation and operators.
Grounding grid is responsible to discharge fault currents in
the case of a lightning strike, surges, and short circuit to the
Earth. This empowers it to keep the step, touch and ground
potential restricted [1], [2]. Bare conductors made up of
metals or alloys are welded together to build a grounding grid.
This includes copper, steel, galvanized steel, etc. Grounding
grid is buried 0.3m to 0.5m below the earth’s surface and its
mesh size can vary from 3m to 7m [3], [4]. The applications
of the grounding grid include the protection of underground
pipelines against stray currents, computer station, power sub-
stations and traction substations, etc. [5], [6].

Grounding grid is prone to faults due to loose connection
or the nature of the soil where it is buried. Faults like cor-
rosion and breakage occur in the grounding grid due to the
presence of dissolved oxygen in clay as well as the presence
of acid in moisture [4], [7]. Therefore, the researchers over
time have developed various methods to diagnose grounding
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grid faults. These methods include the electromagnetic meth-
ods [8]-[12], the electrochemical methods [13]-[15] and
methods based on network theory [16]-[20]. The electro-
magnetic methods are further classified as current injection
methods [21]-[23] and transient electromagnetic methods
(TEM) [8], [10], [11]. However, the current injection elec-
tromagnetic methods are usually accompanied by gradient
method that enhances the substation electromagnetic noise.
Furthermore, the TEM-based fault diagnosis methods claim
of being independent of grounding grid layout is false. This
is because TEM methods fail to distinguish between miss-
ing and broken conductors. In [12], the authors analyze the
modern control techniques to determine the most effective
ones to monitor the status of grounding of current energy
objects in operation. The criteria for analyzing was based on
comparing the experimental and calculation techniques for
determining the rated parameters of the grounding of existing
energy objects.

The electric network methods take the grounding con-
ductor resistance as the fault parameter, adopting the
non-linear optimization method, merging the diagnosis with
the network theory and comparative analysis with the orig-
inal data, to diagnose corrosion and breakpoint in the
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grounding conductor. Electric network methods are further
classified as port resistance, sensitivity analysis and improved
sensitivity analysis methods. However, the drawbacks are
associated with these methods, i.e. the sensitivity analysis
method accounts a very limited number of equations and
does not take the non-linearity into consideration which
leads the resistance of each conductor segment to diverge
greatly from the actual value. Moreover, the authors in [19]
proposed the branch voltage disturbance for the corrosion
diagnosis. This technique can locate and judge the degree
of corrosion through branch voltage disturbance before and
after corrosion. Electrochemical methods only focus on
the corrosion diagnosis of a grounding grid by measuring
the electrochemical characteristics of soil and grounding
conductors.

With extension, new equipment is added to a substation
that changes the configuration of the grounding grid as well.
As the grounding grid configuration is a pre-requisite to its
fault diagnosis, therefore, researchers are working to develop
methods to draw the configuration of the grounding grid
before its fault diagnosis. The literature on configuration
detection is quite limited. This includes mainly the electro-
magnetic methods [3], [23]-[25]. In [3], the authors take the
transient electromagnetic method into account to draw the
configuration of the grounding grid. Equivalent resistivity is
calculated using the inversion calculation from the secondary
magnetic field measured at the receiving coil. However,
the authors did not consider the diagonal branch. In [23],
the magnetic detection electrical impedance (MDEIT) is uti-
lized to determine the resistivity of a grounding grid from the
surface magnetic field. The shortcoming of this method is the
numerous measurements. Furthermore, [24] used the gradient
method and the concept of ordered pairs to determine the
configuration of the grounding grid. However, the gradient
of raw measurement in substation enhances the surrounding
EMI making the results twisted.

This paper proposes a new method based on the static
electric field to draw the configuration of the unknown
grounding grid. Unlike the practiced magnetic field, the static
electric field is not accompanied by the gradient method
which, enhances the substation electromagnetic (EM) noise.
Secondly, the electric field shielding is simple compared
to the magnetic field [26]. The concept of ordered pairs is
utilized to draw the connections between node points. More-
over, the connections are verified by measuring the electric
field on the circle. The proposed method is also able to
detect any diagonal branch in the grid configuration. The
proposed method algorithm and flow chart is also provided in
Section III to enhance the understanding of the method. Sim-
ulations are performed in COMSOL Multiphysics 5.0 using
its AC/DC module.

In the end, the contributions of this manuscript are as
follows:

o The static electric field is processed from a current-

carrying conductor instead of the practiced magnetic
field.
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o A new algorithm the CDGG is developed based on the
static electric field and the concept of ordered pairs.

« Unlike the practiced magnetic field, the static electric
field is independent of the gradient method for locating
a grounding conductor. Therefore, the substation EMI is
not enhanced.

o The proposed method’s independence from the gradient
method decreases its computation complexity.

o Unlike most of the existing methods for configuration
detection, the proposed algorithm can also detect a diag-
onal branch in a grounding grid.

The rest of the paper is arranged such that Section II provides
the mathematical modeling, Section III describes the method-
ology, Section IV is the method validation and verification
through simulations and Section V compares the proposed
static electric field with the state-of-the-art magnetic field.
Finally, Section VI describes the conclusion and the future
directions.

Il. STATIC ELECTRIC FIELD FROM A CURRENT CARRYING
GROUNDING CONDUCTOR

Grounding grid buried in earth traverses the entire substation
area. Drawing the configuration of the unknown grounding
grid is an inverse problem. A DC current-carrying conductor
of infinite length is illustrated in Fig. 1. This conductor is
buried at depth h below the earth’s surface and placed along
the x-axis. The electric field at point P(x, y, h) is expressed
as:
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FIGURE 1. A grounding conductor of infinite length is stationed along the
x-axis. The conductor is buried in the soil at depth h from the earth’s
surface and carries a DC current I. p; is the line charge density due to the
charges on the surface of the conductor. o represents the distance of
point P(x, y, h) from the conductor. The C shows the circle of radius r and
the L illustrates the line to measure the electric field. The electric field at
P(x, y, h) is represented by E, where E; and Ey are its vector components.

The p is the distance of the point P from the conductor, € is
the permittivity of soil, oy is the line charge density and d), is
the unit vector showing the direction of the electric field. (1)
in rectangular coordinates is expressed as:

> PL . ~ ~
E = sin @dy, + cos 2
27‘[6,0( pay + 9002) )

132889



IEEE Access

A. Qamar et al.: CDGG: Static Electric Field Based Nondestructive Technique

Taking the electric field z-component and expressing it
according to Fig. 1:

-

E, = Ccos ¢d; 3)
2mep

= oL h R
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The 6 is the angle with the x-axis when the circle C is
traversed. Similarly, (5) can also be expressed as:

= oL h R
EZ - 27T€ <h2+y2)az (6)
According to (5), the EZ is maximum at ¢ = Orad and
3.14rad and (6) illustrates that E, is maximum at y = Om.
These outcomes show the location of the buried grounding
conductor when the Ez is traversed along the circle C and the
line L. The simulations of the above discussion are presented
in Fig. 2 and Fig. 3. Fig. 2 shows the maximum value of EZ
at ¢ = Orad and 3.14rad and Fig. 3 illustrates the maximum
value of E; at y = Om. These results verify the mathematical
reasoning from (1) to (6), which show that the EZ from a
grounding conductor is maximum at its location.

1.8 B
1.6 -
14 - -
1.2 -

0.8 - -
0.6 -
04 - -
0.2 - -

Electric Field Ez (V/m)

4
Angle (rad)

FIGURE 2. Electric field E‘z along the circle C. The E'z is maximum at Orad
and 3.14rad that shows the location of the buried conductor. E; is
maximum at two points as the circle traverses the conductor location
twice.

The electric field measurement along the line is meant to
detect horizontal branches whereas the measurement along
the circle serves to detect any angled or diagonal branch in
a mesh of a grounding grid. Furthermore, the measurement
of the electric field on a circle also serves to verify the
existence of a branch between two nodes. This is illustrated
in Section IV.

lIl. GROUNDING GRID CONFIGURATION DETECTION
BASED ON STATIC ELECTRIC FIELD

The proposed approach based on the static electric field
for configuration detection of the grounding grid follows
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FIGURE 3. Electric field Ez along the line L. The Ez is ma_ximum aty = Om
that shows the location of the buried conductor as the E; is measured
along the line L.

Algorithm 1 The CDGG Algorithm

begin
1) Taking a vertical conductor as the starting point
2) Measure E; on the x and y-axis

3) Plotting N,, from (Ezl = max)
4) Join all Ng
5) Measure E; V lines along the x and y-axis
6) if (Ezl = max) then
‘ repeat step 3 and 4
else
| proceed
7) Measure Ezc VN,
8) if (Ezc = max) then

‘ gc 3
connection retains

else

L 8ec 39
remove connection
| 9) terminate

the algorithm, Configuration Detection of Grounding
Grid (CDGG) presented in Algorithm 1. Initially, a vertical
conductor in the substation is considered as a reference point
(origin of the plane). Secondly, the Ezl which is the electric
field on the line is measured along the x and y-axis. The node
points Ny, are plotted using the concept of ordered pairs from
the maximum value of E,; against the grounding conductor
location and connected to form the mesh. In the fifth and sixth
steps, the algorithm measures the Ezl along the x and y-axis
to secure all the node points N,, and connect them to form the
complete mesh. The seventh step of the CDGG measures the
E,. which is the electric field on the circle at each node point
to verify the presence of a grounding conductor between two
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nodes. The maximum EZC at the connection location verifies
the grounding conductor while no E,. at the connection
location does not verify the grounding conductor and the
connection in the drawn configuration must be discarded.
This step continues until all the connections are verified and
the complete configuration of the grid is drawn. Furthermore,
the electric field on circle E,. also helps to detect diagonal
conductor in the grid configuration.

The workflow of the proposed approach is also illustrated
in the flowchart in Fig. 4. In the first four steps, the electric
field on line E 21 is measured taking a vertical conductor as
the starting point (origin). The maximum value of Ezl are
arranged in ordered pairs, plotted and connected. In the fifth
step, the Ezl is measured on lines along the x and y-axis
until all the node points are secured. The sixth step verifies
the connection (grounding conductor) between adjacent node
points measuring the electric field on the circle which is
represented by E,.. The connection is retained if the EZL is
maximum at the connection location because the grounding
conductor exists otherwise the connection is discarded. This
step also detects the presence of any diagonal conductor in
the grid configuration.

| Start \

‘ Taking a vertical conductor as origin ‘
]

‘ Measure E; along x and y-axis ‘

Arranging ordered pairs

Plotting and connecting

E,#Max [ Discard \‘
~ —z® VAR |
‘\ connection J

Em =Max

‘j End

FIGURE 4. Workflow of the static electric field-based configuration
detection of grounding grid.

IV. METHOD VALIDATION AND VERIFICATION

To show the effectiveness of the static electric field-based
configuration detection of grounding grid, simulations are
performed using COMSOL Multiphysics 5.0. COMSOL
Multiphysics is a finite element method mathematical mod-
eling software. In this paper, we have solely worked on the
AC/DC module of the COMSOL Multiphysics.

A. SIMULATION MODEL

The model to verify the proposed method is shown in Fig. 5
which illustrates a 6m x 6m square grounding grid buried
at a depth of 0.2m in a homogeneous soil of permeability .
The mesh size of the model grid is 3m, the nodes are labeled
from 1 to 9 and the branches are labeled from b to b1. The
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FIGURE 5. The Numerical model illustrated is a 6m x 6m squared mesh
grounding grid. The distance between two adjacent branches or mesh
size is 3m. The nodes are labeled from 1 to 9 and the branches are
represented as b; to by,. The by shows a diagonal branch connecting
node 1 and node 5. DC potential of 1V is applied at a vertical conductor at
the origin O and the node 9 is grounded. This drives the current in the
grid where the current flow is shown by the arrows. L; and L, illustrate
the lines above the earth’s surface for measuring the electric field Ej.

b, represents the diagonal branch connecting nodes 1 and 5.
In order to apply the proposed algorithm, a DC potential of 1V
is applied across the vertical conductor at the origin O (node 1)
and node 9. The distribution of current in the grid is illustrated
by the arrows. Moreover, L; and L; are the lines along the x
and y-axis at the earth’s surface to measure the electric field
as the second step of the proposed CDGG algorithm.

The proposed CDGG algorithm is applied to the grid model
in Fig. 5 such that the vertical conductor at node 1 is consid-
ered as the origin O. Following the second step of the CDGG,
the electric field E is measured along the x and y-axis on
lines L1 and L,. The Fig. 6 and Fig. 7 illustrate the outcome
of EZ measurement on the line L; and L. On the line L,

0.02

0.016

0.012

0.008

0.004

Absolute Electric Field |Ez| (V/m)

2 4
Horizontal X(m)

FIGURE 6. The electric field E’z on line L, along the x-axis. The Ez is
maximum at Om, 1m, 3m and 6m representing the branches b5, by, b,
and b5 respectively.
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FIGURE 7. The electric field Ez on line L, along the y-axis. The Ez is
maximum at Om, 1m, 3m and 6m representing the branches b;, by, bg
and by, respectively.

the maximum EZ (ﬁzmax) is at Om, Im, 3m and 6m along
the x-axis. Here the Ezmax at Om represents the branch b3,
at 1m represents the branch ;. Although, the location of b,
at Im along x-axis is wrong, but this is due to the crossover
of the line L over the b;. The correct location of b; will
be diagnosed during the connection verification step of the
CDGG. Furthermore, Ezmax at 3m represents bg and at 6m
represents bs. Similarly, the Ez is maximum at Om, 1m, 3m
and 6m on line L, along the y-axis representing b1, by, be
and by;.

The third and fourth step of the algorithm CDGG is the
arranging, plotting and connecting the node points obtained
by arranging the ordered pairs based on the locations of the

-

E max along the x and y-axis. The node points obtained are
illustrated in Table 1. Plotting and connecting the node points
of Table 1, the mesh obtained is shown in Fig. 8. Following
the fifth step of the CDGG, E, is measured along the x and
y-axis to secure the total number of node points. Therefore,
L3 represents the measuring line along the x-axis on the
obtained mesh where the Ez is measured. The outcome of the
measurement on L3 is illustrated in Fig. 9. The Ezmax exists
at Om, 1m, 3m and 6m along the x-axis. This reveals that no
new branch is located. Therefore, the third and fourth step of
CDGG is skipped as the node points remain the same and the
mesh configuration would not alter. Similarly, the measuring
line L4 along the y-axis on the mesh in Fig. 8 would not have

TABLE 1. Ordered pairs based on the location of Ezmay along L, and L,.

Ezmax Location Ezmax Location | Node Points

along X-axis on | along Y-axis on

Ly Lo

Om Om (0,0), (0,1), (0,3), (0,6)

Im Im (1,0), (1,1), (1,3), (1,6)

3m 3m (3,0), (3,1), (3,3), (3,6)

6m 6m (6,0), (6,1), (6,3), (6,6)
132892
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FIGURE 8. The grid configuration is obtained after the fourth step
(arranging, plotting and connecting node points) of the CDGG. Line L3
and L; are along the x-axis and line L, and Lg along the y-axis to secure
the complete node points. For connection verification, E; is measured
along circles centered at each node point. C;, C, and Cj illustrated are
some examples of measuring circles at the earth’s surface for the sake of
validation.
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FIGURE 9. The electric field Ez on line L5 along the x-axis. The E‘z is
maximum at Om, 1m, 3m and 6m.

any impact and the node points would remain unchanged.
Measuring E, on line L5 along the x-axis, the Ezmax exists
at Om, 3m and 6m illustrated in Fig. 10. Here as well, no new
branch is located therefore, the mesh configuration would
retain. The same is the case with the outcome of measuring
EZ on the line Lg along the y-axis. At the end of the fifth step
of the CDGG, the mesh configuration secured is the same as
shown in Fig. 8.

In order, to verify the connections between node points,
the CDGG takes into account the measurement of Ez on
a circle at each node point, which is the sixth step of the
CDGG. Starting with the node point (0, 0), the E is measured
on the circle C; of radius 0.7m at the earth’s surface. The
radius of the circle depends on the mesh size of the obtained
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FIGURE 10. The electric field Ez on line Ly along the x-axis. The l:-'z,,mx
exists at Om, 3m and 6m.
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FIGURE 11. The electric field Ez on the circle C; centered at the node
point (0, 0). The E; is maximum at Orad, 0.785rad and 1.57rad. A new
branch is located leading from node point (0, 0) at 45° due to the
presence of Ezmax at 0.785rad.

configuration such that the circle should not cross any of the
branches that is not connected to the corresponding circle’s
node point. This is for the sake of locating an object in the
polar coordinates. Fig. 11 demonstrates the E; measured on
the circle Cy of radius 0.7m where the E; is maximum at
Orad, 0.785rad and 1.57rad. The E; being maximum at Orad
confirms the branch extending from a node point (0, 0), but to
the node point (3, 0). This would be confirmed by measuring
E"Z at node point (1, 0) that would only confirm the existence
of a branch between the node point (0, 0) and node point
(3, 0). This is the branch that is labeled as b in the simulation
model of Fig. 5. Same is the case with EZ being maximum at
1.57rad, confirming branch (b3) between node point (0, 0)
and (0, 3) excluding the node point at (1, 0). Moreover, Ezmax
at 0.785rad detects a new branch extending at 45° from the
node point (0, 0). This branch that is labeled as diagonal
branch d; in Fig. 5 is further confirmed by measuring EZ
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FIGURE 12. The glectric field Ez on the circle C5 centered at the node
point (3, 3). The Ezmax is located at Orad, 1.57rad, 3.14rad, 3.92rad and
4.71 confirming the branch b; between node point (3, 3) and (6, 3),
the branch bg between node point (3, 3) and (3, 6), bg between node
point (0, 3) and (3, 3), by between node point (0, 0) and (3, 3) and b,
between node point (3, 0) and (3, 3).

0.006

0.004

Absolute Electric Field |Ez| (V/m)

0.002
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FIGURE 13. The electric field E; on the circle C, centered at the node
point (1, 3). The E; is maximum at Orad and 3.14rad confirming the
branch bg of the simulation model while the branch between the node
point (1, 3) and (1, 1) and node point (1, 3) and (1, 6) of the Fig. 8 is
discarded as the Ezmay is not detected at 1.57rad and 4.71rad.

on the circle at a node point (1, 1) and (3, 3). The outcome
of measuring E; at the node point (3, 3) on the circle C3
is illustrated in Fig. 12. Here the Ez is maximum at Orad,
1.57rad, 3.14rad, 3.92rad and 4.71rad. The Ezmax at 3.92rad
further detects and confirms the b,; between node poigt 0, 0)
and (3, 3). Taking the circle C, into account, the E, on it
is illustrated in Fig. 13. E,,,,, along the circle C; is located
at Orad and 3.14rad which confirms the branch b, between
node point (0, 3) and (3, 3) while rejects the branch between
the node point (1, 1) and (1, 3) and node point (1, 3) and
(1, 6). Verifying connections across the whole mesh obtained
at the end of the fifth step of CDGG, the mesh configuration
obtained is the same as that of the simulation model presented
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TABLE 2. A comparative study of the proposed and the existing methods of configuration detection of a grounding grid.

Ref. Method Field Type Grounding Grid Configuration Computational Complexity | EM Remarks
Noise
Square Grid | Diagonal Branch
[22] Derivative Magnetic Field v v ICA for EMI Suppression X Costly and Time Consuming
and ICA
[23] MDEIT Magnetic Field v X Conductivity Inverse X Costly and Time Consuming
Calculations
[25] Wavelet Magnetic Field v X Wavelet Calculations X Time Consuming
Edge
[3] TEM Magnetic Field v X Equivalent Resistivity X Time Consuming
Inverse Calculations
[24] Derivative Magnetic Field v v Derivative Calculations v Highly Affected by EMI
Method
Proposed | CDGG Static  Electric v v No Extra Calculations X Cost and Time Effective
Field

in Fig. 5. The simulation results indicate that the CDGG can
measure the configuration of any square grounding grid with
high accuracy.

V. LOCATING A GROUNDING CONDUCTOR: THE
PROPOSED STATIC ELECTRIC FIELD AND STATE

OF THE ART MAGNETIC FIELD

The existing literature on the configuration detection and
fault diagnosis of a grounding grid mainly accounted for
the magnetic field. This includes the wavelet edge method
and magnetic detection impedance tomography for configu-
ration detection [23], [25], etc. Similarly, the gradient method
for inverse features extraction and transient electromagnetic
method for fault diagnosis [8], [22], etc.

To illustrate the effectiveness of the proposed static elec-
tric field over the practiced magnetic field, a comparison is
performed in this section with regards to locating a ground-
ing conductor. The grounding conductor shown in Fig. 1
is located using the magnetic field of this conductor. This
is accomplished using the derivative of the magnetic flux

density TBZ. Fig. 14 shows the electric field Ez and the

0.9 |
0.8 |

|BZ'|
[Ez|
0.7 H H

I .

0.6 B
0.5 n
0.4 —

|Ez| (V/m)

0.3 -

0.2 - -

0.1 - -

Normalized Value of |Bz'| (T/rad) and

4
Angle (rad)

FIGURE 14. Derivative of magnetic flux density Ez and the Ez on the
circle C from the grounding conductor in Fig. 1. The graph of B’z is noisy
compare to the graph of E;. This is due to the derivative because the
derivative of numerical data generates noise.
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derivative of magnetic flux density éz from the grounding

conductor model of Fig. 1. The EZ and 1_7?; being maximum at
Orad and 3.14rad detects the location of the conductor along
the x-axis, but the graph of the magnetic field is a bit distorted
compare to the electric field. This is due to the fact that deriva-
tives of numerical data always generate noise. Moreover,
this noise is further enhanced in the harsh electromagnetic
surrounding of a real substation. Therefore, to overcome the
problem of derivative noise associated with the magnetic field
and easy shielding of electric field compared to the magnetic
field, the electric field is preferred in the proposed method for
configuration detection of a grounding grid.

To establish the superiority of the proposed method over
the existing methods a comparative study is illustrated
in Table 2. This comparison includes configuration detection,
computational complexity and electromagnetic (EM) noise
enhancement. The configuration detection is categorized
as square grid configuration and square grid configuration
including a diagonal branch. Furthermore, the complexity
is categorized based on necessary techniques accompanying
the main method. For example [22] utilizes the Independent
Component Analysis to suppress the electromagnetic inter-
ference (EMI) that is enhanced with the derivative method.
This comparative study shows that the proposed CDGG algo-
rithm based on static electric field and the concept of ordered
pairs are highly effective as compared to the existing config-
uration detection techniques.

VI. CONCLUSION

A Grounding grid configuration that changes with the exten-
sion and development in the substation is key to grounding
grid fault diagnosis. In this paper, we have developed a
new algorithm, the CDGG based on the static electric field
and the concept of ordered pairs to draw the configuration
of an unknown grounding grid. The static electric field is
proposed compare to the practiced magnetic field due to its
independence of the derivative method. The derivative of
numerical data generates noise which would even be greater
in the strong electromagnetic environment of a real substa-
tion. Furthermore, the proposed CDGG algorithm is also able
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to locate a diagonal branch in the grid configuration which
is a much-needed development with respect to the existing
literature on configuration detection of a grounding grid.
The mathematical reasoning and simulation results illustrate
the viability of the proposed algorithm. Furthermore, a brief
comparison between static electric field and magnetic field
against locating a grounding conductor is included that shows
the effectiveness of electric field over the practiced magnetic
field.

As future work, the proposed method would be tested in
a real substation. Moreover, the authors would focus on the
circular configuration detection of the grounding grid.
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