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Abstract. It is necessary to inject test current into the tower grounding electrode and distribute
multiple back-flow current electrodes inside or outside the tower foundation to form a current
loop when measuring the grounding resistance of the tower by Multi-Electrode Method. The
distribution of the injection current inside and outside the foundation of transmission tower will
be different due to the conducting function of the grounding electrode of the transmission tower
by this method, which will lead to the difference among the current of back-flow electrodes and
then directly reduce the accuracy of grounding resistance measurement of the tower. In this paper,
the distribution of the discharge current inside and outside the transmission tower under different
soil conductivity is analysed, and the influence of soil conductivity on the distribution of the
spillage current is obtained. This analysis provides a research basis for measuring the grounding
resistance by Multi-Electrode Method in transmission tower.

1. Introduction
Triple-Electrode Method is widely used to measure tower grounding resistance [1-3], but the biggest
defect of Triple-Electrode Method is that it needs a long current electrode distance to meet the accuracy
of grounding resistance measurement [4]. Although Multi-Electrode Method can shorten the distance of
current electrode to a certain extent, this method is based on the assumption that the current injected into
the tower grounding electrode is discharging into soil uniformly. So a long distribution distance of
current electrode is needed to satisfy the theoretical premise [5]. For transmission towers, the existence
of horizontal grounding electrode will inevitably lead to the non-uniformity of the distribution of
discharge current inside and outside the tower foundation [6]. To further shorten the distribution distance
of current electrodes, it is necessary to theoretically analyse the distribution of discharge current flowing
through the grounding electrode in the earth, so as to determine the exact location of compensation point.
Therefore, it is of great significance to analyse the distribution of the discharge current inside and outside
the tower foundation.

In view of the shortcomings of the existing Multi-Electrode Method in measuring tower grounding
resistance, this paper utilizes COMSOL simulation analysis software to analyse the distribution of
discharge current after the current flows through the tower grounding electrode based on the existing
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theory of Multi-Electrode Method so as to obtain the accurate current of back-flow current electrodes.
And then we can improve the accuracy of grounding resistance measurement.

2. Calculation of potential distribution in soil

The current distribution in soil is mainly affected by soil conductivity, size and location of tower
grounding electrode, magnitude of current and soil structure. The equation of the current field in soil is
shown in equation (2.1).

VxE=0

vej—_ 2P
ot 2.1

J=cE
E=-Vop

Among them, E s electric field intensity, J is the current density, Py is bulk charge density, ©
is permittivity and P is electric potential.

Although the constant current discharge into the earth after passing through the tower grounding
electrode, the position and density of the charge remain unchanged, so the steady electric field can be
treated as electrostatic field equivalently The uniqueness theorem can be applied to the current field
equations. Therefore, the equation of the current field without free charge in the field is shown in
equation (2.2).

Vip=0 (2.2)
The equation for the current field when the field contains current sources is shown in equation (2.3).
0
Vip=-22 (2.3)
ot

Taking the infinity as the zero potential reference point, according to the current field theory under
steady state conditions, the Green's formula can be used to obtain the potential of any point in the soil
originating from the grounding electrode discharge current.

@ = j [6(.0)11(0)ds (2.4)

In equation (2.4), JQ) is the density of the discharge current at the point Q on the surface of the

grounding electrode. G(P> Q) indicates the potential generated at the point P when the unit current
flows through the point Q on the surface of grounding electrode. The sum of the currents of the
grounding electrode scattered on the earth is equal to the injection current flowing into the grounding
electrode:

1=[[7Q)as (2.5)

Under the condition that the injected current is constant, the surface of the conductor is equivalent to
the equipotential surface, so the boundary condition can be expressed as

pl=C (2.6)
Where C is a constant.

3. Boundary conditions of potential equation in uniform soil

Soils existing in different structure have different potential boundary conditions. The potential boundary
conditions under uniform soil conditions are discussed in this paper. The structure of the tower
grounding electrode in the soil is shown in figure 1. The soil is divided into two layers, the grounding
electrode corrosion and the earth soil.
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Figure 1. Simple model of horizontal tower grounding electrode

The buried depth of the grounding electrode is related to the voltage level of the transmission line
and the environment at the site, but in most cases, the buried depth of the grounding electrode is between
0.6m and 0.8m. The current flows through the grounding conductor through the grounding electrode
and is discharged into the earth. When studying the ground potential distribution above the grounding
electrode, the upper part of the grounding electrode is regarded as an area. When a constant current
flows into the earth through the grounding electrode, the earth is equivalent to an infinite sphere, so the
constant current can be regarded as an equivalent point current source.

In the region not including the current source, the Laplace equation is used to solve the problem, and
the region containing the point current source is solved by the Poisson equation. The potential density
function of the potential point is as shown in equation (3.1).

p(x)=5(x—x) (3.1

The point charge can be thought of as a charged sphere with an infinitely large charge density in an

infinitesimal volume. There are equations in a given entire area:

ﬂfé‘(x)dwf (3.2)
1=4;f>7d§=” V.- Jdv (3.3)

The following equation can be obtained combining equation (3.2) and equation (3.3):
V-J=16(x) (3.4)
Therefore, the potential distribution of the soil area around the grounding electrode can be expressed
as:
Vip=15(x) (3.5)
It is assumed that # =0 at infinity. The boundary conditions at the interface between soil and air is
op
on The boundary conditions at the interface between the grounding electrode and the earth soil is
Lop _ 190

p, On p, On . nindicates the outer normal direction of the interface.

4. Calculation of Ground Potential around Grounding Electrode

The radius and the length of grounding electrode is assumed as @ and L respectively. The potential of any
point on the ground surface of the grounding electrode can be obtained by superimposing the potential
originating from all point current source in the space. If the total current injected into the grounding
electrode is 7, then the total current flowing through the long grounding electrode to the ground is also
I. The length of the horizontal grounding electrode is equivalent to # sections of continuous small
grounding electrode, and the length of the ith section is set to Z,. The intermediate position of the
grounding electrode is taken as the equivalent centre which is recorded as@;, and the current flowing
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through the ith section is ;. Then, the potential of any point P on the ground surface of the grounding
electrode is obtained by the superposition theorem as shown in equation (4.1).

(pP:iG(P,Qj)Ij 4.1

Where G(P.Q;) indicates the potential at point generated by the unit point current source at the
point of the equivalent centre.

5. Simulation analysis

5.1. Discharge current simulation and parameter setting of tower grounding electrode

COMSOL Multiphysics software was used to model the discharge current of the tower grounding
electrode, and the steady electric field was analysed in the simulation. The radial horizontal tower
grounding electrode is adopted as the simulation model, and one of the horizontal is analysed as shown
in figure 2.Low carbon steel was used for both horizontal and vertical grounding electrode, and the soil
was assumed to be homogeneous isotropic, which was equivalent to the hemispherical model. In the
simulation model, the length of the horizontal grounding electrode is set as 20m, the diameter of the
circular section of the grounding electrode is 12mm, and the buried depth of the grounding electrode is
0.6m. The low carbon steel Low Carbon Steel 1002 is used in the tower grounding electrode. Its
conductivity is 8.41MS/m and its relative permittivity is 1.With a radius of 100m and a relative
permittivity of 16, the simulation model was parameterized by different soil conductivity. In the
simulation analysis, the power frequency current of I=1A is injected into the vertical grounding electrode,
and the surface potential distribution and discharge current distribution are observed.

vertical grounding I
eIectrode\

T
\ >\ /l
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/
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Figure 2. Simulation model of discharge current around tower grounding electrode.

5.2. The analysis of simulation result

The soil conductivity was selected as 0.002S/m, 0.004 S/m, 0.006S/m...0.018S/m, 0.02S/m for the
simulation analysis of grounding discharge current. Among them, when the length of grounding
electrode is 20m and the soil conductivity is 0.002S/m, 0.008S/m, 0.014S/m, 0.02S/m, the current
distribution at the interface of soil hemispherical with a radius of 100m is shown in figure. 3. figure 3(a),
figure 3(b), figure 3(c) and figure 3(d) show the discharge current distribution when the soil conductivity
is 0.002 S/m, 0.008 S/m, 0.014 S/m, and 0.02 S/m respectively.

@ ® © (d)

Figure 3. Discharge current distribution under different soil conductivity.
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From the simulation results in figure 3, it can be seen that the current density outside the tower is
larger and that inside the tower is smaller due to the conductivity function of tower grounding electrode
under different soil conductivity. The distribution of the discharge current on the hemisphere is
symmetrically distributed about the vertical plane of the tower grounding electrode. In addition, the
current density gradually decreases from the outside of the tower to the inside of the tower in the
horizontal direction. In the vertical direction, the current density outside the tower is gradually
decreasing from top to bottom. On the contrary, the current density inside the tower is gradually
increasing from top to bottom.

From the simulation analysis, it can be known that the maximum point and the minimum point of the
discharge current appear on the two ends of extension line of tower grounding electrode outside and
inside the tower foundation respectively. The variation law with conductivity of maximum discharge

current density and minimum discharge current is shown in figure 4 below:
25+

282 222 222 222 222 222 222 222 222 222
E 2.0
£
o
2 15
[2]
[
S
= 199 199 109 109 109 109 109 109 109 109
S 1.0
5
o
]
% 05 —s—maximum discharge current density
5 ’ —e—minimum discharge current density
n
2
0.0 T T T T T T T
0.0 0.5 1.0 1.5 2.0

soil conductivity(10%S/m)
Figure 4. Maximum and minimum discharge current density under different soil conductivity.

As can be seen from figure 4, the magnitude of the current density does not change much even if the
soil conductivity differs by 10 times in view of the analysis of the distribution of the maximum discharge
current density and the minimum discharge current density. The current distribution is almost ineffective
under different soil conductivity. The maximum current density and minimum current density under
different soil conductivity tend to be consistent, so it is not difficult to find that the discharge current
inside and outside the tower foundation hardly varies with the soil conductivity when the injected current
on the tower grounding electrode is constant. And the proportional relationship of the discharge current
inside and outside the tower is also certain.

In order to study the distribution ratio of the discharge current inside and outside the tower, it is
necessary to calculate the magnitude of discharge current inside and outside the tower foundation
according to simulation. The two integral values of the current density on the quarter surface of
hemispherical inside and outside the tower is regarded as the current of the discharge current inside and
outside tower respectively when calculating the discharge current. The simulation results of discharge
current inside and outside the tower are shown in table 1.

Table 1. The distribution of discharge current inside and outside tower foundation under different soil

conductivity.
Soil conductivity ~ 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.02
(S/M) 2 4 6 8 ' 2 4 6 8 '

Discharge current
outside the tower
foundation (A)

0.57 057 057 057 057 057 057 057 057 0.57
82 82 82 82 82 81 81 81 81 81
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Discharge current
inside the tower
foundation (A)
The ratio of
discharge current
outside the tower  1.37 137 137 137 137 137 137 137 137 137
to discharge 08 07 07 06 05 05 04 04 03 03
current inside the
tower
The data results in table 1 are the same as the expected results of the above simulation analysis. When
the current injected into grounding electrode is constant, the total discharge current inside and outside
the tower foundation are almost unaffected by the soil conductivity for same tower grounding electrode.
The discharge current outside the tower is larger than that inside the tower and the ratio of the discharge
current outside the tower to that inside the tower is about 1.37.

042 042 042 042 042 042 042 042 042 042
18 18 18 18 18 19 19 19 19 19

6. Conclusion

According to the simulation analysis results, the discharge current is not evenly distributed in all
directions when there is current flowing through the tower grounding electrode and discharging into the
earth because the current will be unevenly guided by the conductivity function of horizontal grounding
electrode. The result is that the discharge current outside the tower is larger than that inside the tower.

It can be easily concluded that the distribution of the discharge current on the hemisphere is
symmetrically distributed about the vertical plane of the tower grounding electrode. In addition, the
distribution of current density also presents a certain distribution law. The current density gradually
decreases from the outside of the tower to the inside of the tower in the horizontal direction. In the
vertical direction, the current density outside the tower is gradually decreasing from top to bottom. At
the same time, the current density inside the tower is gradually increasing from top to bottom.

Through the comparative simulation experiments on the different soil conductivity, it can be found
that the distribution of discharge current in the soil is almost unaffected by the soil conductivity. When
the length of the horizontal grounding electrode is constant, the soil conductivity will not affect the
discharge current in the soil and the ratio of discharge current inside the tower to that outside the tower
is almost constant. The result provides a research basis for the study on grounding resistance
measurement by distributing current electrode in tower.
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