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Abstract. In the trial stage of Xiluodu-Zhexi + 800 kV HVDC project, grounding current trough DC
electrode incurred severe DC bias in substation transformers near the Jinsi electrode, indicating further
research on the factors influencing such DC bias problem and since vertical and lateral change of soli
resistivity could be one of the main factors, their mechanisms should be studied. Besides a normal layered
earth resistivity model, a complex model was established to simulate forms of lateral resistivity changes
according to measured soil resistivity data at the site of Jinsi electrode. Then ESP was calculated with
finite element method and the effect of lateral change on ESP and its characteristics was analyzed. Later,
an assumed case example demonstrated the error of DC bias estimation caused by such ESP distortion.
The results suggest the distance from DC electrode to the lateral change interface influences ESP
distortion the most, and a high resistivity region in shallow layers at 5 km from DC electrode could incur
a relative error of 25.9% in DC bias estimation. The grounding location and impact assessment has
indicated that the measurement range of the earth resistivity should be investigated.
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Introduction

In the trial stage of XiluoduWestern Zhejiang = 800 kV High Voltage Direct Current
(HVDC) project, grounding current trough Direct Current (DC) electrode incurred
severe DC bias in substation transformers near Jinsi electrode (Yang et al., 2018).
During the trial stage of March 28, 2014, the measured DC bias current of some
transformer neutral point is more than 10 A while the grounding current of the
grounding electrode is only 500 A (Kazerooni et al., 2016a; Wali et al., 2018).
According to the rated transmission power XiluoduWestern Zhejiang + 800 kV HVDC
project, the grounding current of the grounding electrode can reach 5000 A during full
load operation with single pole. Due to the transformer DC bias current is linear with
the ground current, the 5000 A ground current will produce 100200 A DC bias current
in the substation transformer near the grounding electrode, which may threat the safety
of the power system and transformer (Kang et al., 2018). Although a large number of
DC transmission projects have been successfully constructed and put into operation, the
problem of DC bias in XiluoduWestern Zhejiang Ultra High Voltage Direct Current
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(UHVDC) Project shows that the influence factors and mechanism of DC bias have not
been fully understood in the study of grounding electrode effect.

The influence assessment of grounding electrode on DC bias of transformer is based
on the establishment of power grid model, Earth resistivity model, and the network
topology. The accuracy of the former depends on power grid parameters. The latter
depends on the mastery of the stratified data of the earth’s resistivity and the differential
data of the transverse and longitudinal directions. The problem belongs to the geodetic
and geodetic problems in the field of Geophysics (Mousavi and Bonmann, 2017;
Kazerooni et al., 2016b; Austin et al., 2018). In the grounding location selection and its
impact assessment of HVDC and UHVDC, selection and design of grounding electrode
are only based on the comprehensive calculation of the earth resistivity from several
dozens of measuring points near the electrode. The ground potential is calculated by
horizontal homogeneous layered earth resistivity model with the measured data of
ground resistivity. The influence of grounding electrode current on the dc bias of
transformer is evaluated. The influence of the lateral variation factors of the earth
resistivity is not considered. Compared with uniform distribution of the earth resistivity,
the research result of geomagnetic storm induced electric field shows that within
1000 km around the earth resistivity lateral variation interface, the surface potential
always changes. When the change frequency of geomagnetic storm surface current is
0.03 Hz, the electric field increases at 70% near the low conduction proximity interface
(Hussein and Ali, 2017; Arslan et al., 2018). Compared with the influence of
geomagnetic storms, geomagnetic storms have greater impact scale and mainly consider
the distribution of geoelectric field along the transmission line. Although the effect of
DC grounding electrode current is relatively small, usually in the range of 100 km, it is
necessary to consider the potential distribution of the circular area with the earth
electrode as the center. In theory, the grounding electrode current penetrates the earth
deeper, and the lithosphere structure of China is the most complicated in the world
(Choi et al., 2018; Moon et al., 2017; Liu and Liu, 2017; Wang et al., 2015; Okpoli and
Ehinmitan, 2019). Therefore, in the site selection and impact assessment of ground
electrode, it is very complicated to clarify the influencing factors and mechanism of the
electrode site resistivity.

Whether the serious DC bias problem in Xiluodu-western Zhejiang UHVDC Project
is influenced by the earth structure around the Jinsi electrode, or the resistivity of the
deep earth, due to the lack of detailed magnetotelluric data of the earth, there is no
inference at present. However, the test report on soil resistivity of Jinsi electrode in
Xiluodu-western Zhejiang UHVDC Project shows that, the soil structure of electrode
surrounding and the horizontal uniformity of shallow soil has a great influence on the
surface potential distribution. The related papers are also discussed (Wei-Li and Liu,
2013). In this paper, according to the test data of soil resistivity in the site selection and
design of Jinsi grounding electrode, and the types of lateral variation of soil resistivity
reported in the test report, the earth resistivity model and surface potential algorithm
considering lateral variation of earth resistivity are established (Zhou et al., 2016;
Kasim et al., 2019). The influence of the width, depth, resistivity, distance from
interface to ground electrode on the surface potential distribution around the electrode
site and its characteristics are studied. According to the influence characteristics, the
mechanism of serious DC bias caused by Jinsi grounding electrode is revealed, which
provides basis for site selection of UHVDC grounding electrode and resistivity test
scheme.
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According to the earth resistivity data near the Jinsi grounding electrode of Xiluodu-
Western Zhejiang UHVDC project, based on the lateral variation of the resistivity
between the faults in the soil structure and the shallow-layer resistance, a model of the
earth resistivity considering lateral variation is proposed. The surface potential
distribution near grounding electrode is calculated by finite element method. The
influence of lateral variation on surface potential distribution and its characteristics are
compared and analyzed with different soil parameters. The error of the DC bias current
caused by the change of the uneven potential distribution of the earth’s transverse
resistivity distribution is analyzed with an example. The conclusions provide a
theoretical reference for accurate estimation of DC bias level and site selection of
grounding electrode in practical engineering.

Materials and methods
Horizontal homogeneous layered earth resistivity model

Earth resistivity of Jinsi grounding electrode is obtained by 87 measuring points near
the electrode with conventional symmetrical quadrupole method, 4 measuring lines of
Controlled Source Audiofrequency Magnetotelluric (CSAMT) and 3 measuring points
of Magnetic Tube (MT). Based on the 6 layer earth resistivity model, a horizontal
homogeneous layered earth resistivity model is proposed and shown in Figure 1, and
the parameters of each layer are shown in Table 1.

ground electrode site

P1 h1
P2 h2
03 hs
P4 hs
Ps hs
Pe he

Figure 1. Layered earth resistivity model

Table 1. Parameters of layered earth resistivity around electrode

Layer Depth (m) Resistivity (Q:m)
1 0-45 50
2 45 - 155 250
3 155 - 300 2500
4 300 - 600 400
5 600 - 2000 1500
6 > 2000 4000

A composite model considering the lateral variation of earth resistivity

The above horizontal homogeneous earth resistivity model is a common model for
the calculation of surface potential at present. The earth resistivity test of Jinsi electrode
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covers only 1 km? range, and the results of some measurement points reflect the earth
fracture and high and low resistance mixed in this area. To study the influence of the
lateral variation of the earth resistivity on the surface potential of ground electrode (Liu
et al., 2018; Rajput et al., 2019), a composite geodetic resistivity model considering
lateral variation based on the type of horizontal change reflected by the resistivity test
has been proposed and shown in Figure 2.

ground electrode sitel D L
[ “he Pir [<H
02 h. Par 0
3 hs Bsr 03
J h. Oar P4
05 hs Osr 05
Ps he Ps
a

b
Figure 2. Complex earth resistivity model concerning resistivity lateral change

Ground surface potential model DC around ground electrode

Grounding current from electrode formed a constant DC current field. The
differential equations of the current field can be represented as follows (Egs. 1 and 2):

VxE=0 (Eq-l)
j- %
V-I=-2 (Eq.2)
Auxiliary equation is (Egs. 3 and 4):
J=0E (Eq.3)
E=-VV (Eq.4)
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where, E is electric field intensity (V/m), J is current density (A/m2), p is charge density
(C/m3), ois conductivity (S/m), and V is electric potential (V).

In the field except the current source, the equation (Eq. 5) of the current field can be
expressed as:

V2.V =0 (Eq.5)

In this paper, the finite element software Ansys is proposed to calculate the surface
potential distribution of Jinsi grounding electrode. Based on the three-dimensional
composite Earth resistivity model established above, the lateral variation of Earth
resistivity should be considered when analyzing the influence mechanism of earth
resistivity lateral change on ground surface potential. Three-dimensional problem is
transferred into two-dimensional finite element problem. Based on the measured
resistivity lateral difference type, to solve the surface potential by axisymmetric analysis
with 2D Quad 230 unit, decouple network, input load data and boundary condition
(Birchfield et al., 2016; Zulkapli et al., 2018).

External boundary condition (Eq. 6) is:

V=0 (Eq.6)
At the air interface (Eq. 7):

dv

P 0 (Eq.7)

where n is exterior normal direction (Egs. 8 and 9), and resistivity adjacent soil interface
can be obtained:

V, =V, (Eq.8)

]

1adv 1 dyy (EQ.9)
£ dn _pj dn

The earth surface potential affects up to dozens of km or greater (Harrison and
Anderson, 2016; Barsainya and Rawat, 2017; Rezaei-Zare et al., 2016; Boteler and
Bradley, 2016; Pan et al., 2016; Boteler and Pirjola, 1998; Viljanen et al., 2004;
Baharuddin and Samsudin, 2018). Since the rated earth current is 5000 A, this paper
selected 150 km as the distance between grounding electrode and O potential boundary.
Moreover, the Jinsi grounding electrode is double-ring body structure. The polar ring is
1140 m in the east-west direction, 480 m in the north and south, 3.5 m in depth and
0.326 Q in the grounding resistance. Because the size of the grounding electrode is far
less than the influence range of its surface potential, treat the grounding electrode to a
point power supply (Zhu and Overbye, 2015; Prabhakaran and Raj, 2018).

Select the rectangular coordinate system, x refers to the north, y refers to the East, z
is vertical to ground. The model is shown in Figure 3. In Figure 3, six boundary
interfaces for the rectangular structure of the earth model are shown. The arrow reflects
a possible flow of the grounding current at the inner and side boundary of the earth
conductor. The lateral difference of resistivity may exist inside the conductor, thus
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changing the flow direction of the grounding current to the earth (Zhang et al., 2018).
The truncated boundary is selected far away from the zone of resistivity sudden change.
It is considered that there is no lateral difference, and the grounding current flow into
and out of the model horizontally (Lewicki, 2007; Bernabeu, 2015; Barakat et al.,
2018).
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Figure 3. Sketch of earth conductivity model

In this paper, the type of earth resistivity lateral difference should be considered,
when analyzing the mechanism of the influence of lateral variation of earth resistivity
on ground electrode. According to the resistivity lateral difference type from the
experiment, parameters as shown in Table 2. In Table 2, the scheme 1~4 simulate 4
kinds of fracture situations, because the earth resistivity is generally less than 200 Qem
in the fracture area, the value here is 150 Qem (Guo et al., 2017). The scheme 5~8
simulate the high and low resistance of surface layer, and the values of shallow-layer
high resistance is 1000 Qem and 5000 Qem.

Table 2. Parameter scenarios to simulate different soil resistivity lateral changes

Scheme 1 2 3 4 5 6 7 8
D(m) 800 800 5000 800 800 800 800 5000
L(m) 200 200 200 1000 1000 1000 2000 1000

p1r(Q-m) 150 150 150 150 1000 5000 1000 1000

p2r(Q-m) 150 150 150 150 1000 5000 1000 1000

par(Q2-m) 150 150 150 150 2500 2500 2500 2500

par(Q-m) 150 150 150 150 400 400 400 400

Results and discussion

Analysis of the influence of the lateral variation of earth resistivity on the surface
potential

In this paper, two kinds of Earth resistivity models are proposed, and by using Ansys,
the distribution of surface potential of the Jinsi grounding electrode is calculated, based
on the 8 scenarios of earth resistivity lateral variation. The results are shown in
Figures 4 and 5. In Figures 4 and 5, (a) is the potential distribution within 50 km. In
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order to observe the difference of local potential distribution and its influence, (b) is the
enlarged display of the surface potential distribution change near the place where the
earth resistivity lateral change happens, and (b) is corresponded to the calculated result
in (a). In the figure, the curve “0” corresponds to the surface potential distribution in the
horizontal homogeneous layered earth resistivity model, and the other curves
correspond to the resistivity lateral change plans (Table 2). In the scheme 1~4, the
surface potential distribution near the Jinsi ground electrode are shown in Figure 4.
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Figure 4. Earth conductivity model ESP around Jinsi electrode under resistivity lateral change
scenarios 1-4

As Figure 4a shows the surface potential from the grounding electrode to the fracture
interface is overall reduction. Compared with the curve 0, the surface potential of the
curve 1 is obviously reduced, and the curve 3 is almost coincided with the curve 0.
Because the curve 1 is fractured at 800 m, the curve 3 is fractured at 5000 m. The rest of
the parameters are the same. This indicates that the closer the fracture interface to the
ground electrode, the more significant lateral resistivity change effects on the surface
potential. And the fracture in a far position has little effect on the earth surface potential.
Moreover, the depth or width parameters among the 3 types of breakages shown in the
curves 1, 2, and 4 are different. But the location of the fracture is 800 m, and the surface
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potential of the 3 types are similar. This shows that the distance between the fracture
interface and the ground electrode has a greater influence on the surface potential
distribution than the depth and width.
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Figure 5. ESP around Jinsi electrode under resistivity lateral change scenarios 5-8 (b)

Near the fracture position, the surface potential dropping of the curves 1, 2, and 4
are different (Fig. 4b). The curve 4 is lower than the curve 1. This indicates that the
greater the width of the fracture, the greater the decrease of the surface potential
caused by the influence. The curve 2 is lower than the curve 1. This indicates that the
deeper the depth of the fracture is, the greater the decrease of the surface potential
caused by its influence.

In the earth resistivity lateral variation case 5-8, the surface potential distribution
around the Jinsi grounding electrode is shown in Figure 5.

Comparing with the horizontal homogeneous layered situations, when considering
the resistivity lateral variation caused by the high and low resistance mixture in the
surface layer, in front of the high resistance area, the surface potential rises (Fig. 5a).
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And behind the high resistance area, the surface potential drops, and the surface
potential drops significantly in the area with high resistance. Comparing with the
width and resistivity of the high resistance area, the distance between the interface and
the grounding electrode has a greater influence on the surface potential.

In curves 5, 6 and 7, surface potential from the front section of the curve near the
high resistance region are different. The surface potential uplift of the front section of
the curve 6 is slightly higher than that of the curve 5 (Fig. 5b). The surface potential
behind the high resistance region is slightly lower than that of the curve 5. The higher
resistance in high resistance area, the greater the surface potential drops, and the
greater the influence on the overall surface potential distribution. Comparing the
curves 5 and 7, it can be seen that the greater the width of the high resistance region
is, the greater the surface potential drops in the region, and the greater the effect on
the overall surface potential. It is noteworthy that the contrast curves 8 and 0 can be
seen, when the surface layer high resistance area is far from the grounding electrode,
although the surface potential distribution of the high resistance area will not be
significantly affected, there will still be obvious surface potential rise in front of the
interface, and intensify the surface potential drop in the surface layer high resistance
area. Compared with the curve 0, the surface potential drop between 5 and 6 km in the
curve 8is14 V.

The effect of Lateral change of earth resistivity on the intensification of magnetic
bias current

The results of the above calculation and analysis show that, the lateral change of
the earth resistivity will cause a significant change in the surface potential around the
grounding electrode. Considering the influence of the grounding current, the DC bias
current of the nearby power grid is directly affected by the surface potential
distribution (Liu et al., 2016). Therefore, it is necessary to investigate the influence of
the potential distribution change on the magnetic current of the nearby power grid.
Taking case 8 in Table 2 as an example, and the analysis shows that comparing with
the earth resistivity homogeneous stratified model, the intensification of lateral
resistivity variation on the bias current of the power grid.

Power grid model and parameters

Since there is no accurate earth resistivity data of the Jinsi grounding electrode at
present, it is assumed that there is a power grid containing four 500 kV substations,
and the substations distribute along the grounding electrode, numbered respectively
with A, B, C and D. The distances of each transformer to the ground electrode are 5
km, 10 km, 15 km and 20 km. Two sets of single-phase autotransformer are used in
each substations. The high voltage and middle voltage windings of the transformer are
0.238 Q and 0.097 Q. The grounding resistance of the substation is 0.2 Q. The
transmission lines between the substations are four split conductors. The single phase
DC resistance of the wire is 0.0187 Q/km. Its equivalent DC circuit is shown in
Figure 6. DC is the neutral grounding equivalent DC potential of the surrounding AC
substations under the influence of DC grounding current from grounding electrode
(Babazadeh et al., 2017; Shetye and Overbye, 2015; Rezaei-Zare, 2015; Kovan and
De Leon, 2016).
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Figure 6. DC bias circuit of the AC network

Calculation results and analysis
According to the comparative analysis above, the surface potential distribution is

calculated by selecting the earth resistivity parameters from scheme 01 and 8 in Table 2.
The surface potential calculation results of each substation are shown in Table 3

(Aboura and Touhami, 2017; Marti and Yin, 2015).

Table 3. ESP distributions under two scenarios (V)

Distance 5 km 10 km 15 km 20 km
Schemel 117.01 88.039 73.465 63.840
Scheme8 127.22 87.387 73.086 63.554

By using the node voltage method, the DC bias current of the transformer in the AC

network from Figure6 is calculated according to the earth surface potential
corresponding to the two cases in Table 3. The result of the calculation is shown in
Table 4. The positive value indicates the current flows from the earth to the neutral

point (Girgis and Vedante, 2015; Rezaei-Zare, 2015).

Table 4. DC bias currents in substations (A)

Transformer substation A B C D
Schemel 113.74 6.80 -43.54 -76.93
Scheme8 143.17 -4.60 -52.89 -85.45

The results of the calculation in Table 4 show that, comparing with the horizontal
homogeneous layered earth resistivity model, the change of surface potential
distribution caused by the high resistance of surface layer between 5 and 6 km from the
grounding electrode. It leads to the bias current increase of some substations in the
power grid. Influenced by it, the bias current of substation A, C and D are obviously

increased, and the growth rates are 25.9%, 21.5% and 11.1%.
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It can be seen that the change of surface potential distribution caused by lateral
variation of earth resistivity will significantly affect the DC bias current level across the
grid. However, the surface layer high resistance area is located between substation A
and B, it is the horizontal changing area, the potential difference between the two sides
of the substation is increased. And the bias current will flow across the entire power
gird, this surface potential distribution change will cause the bias current increase of
distant substation C and D (Wu et al., 2014; Gilbert, 2015; Boteler, 2015; Kwon et al.,
2017; Zhou et al., 2016).

Conclusions

In this paper, a composite model of earth resistivity considering lateral variation is
established. The influence mechanism of the earth resistivity lateral variation on the
surface potential is analyzed. It is revealed that the earth resistivity measurement is not
elaborate and the data are inaccurate during the site selection and impact assessment of
the grounding electrode at present. The conclusions are as follows:

(1) When calculating surface potential caused by grounding current of earth
electrode, comparing with calculation results from the horizontal homogeneous layered
earth resistivity model, the resistivity lateral change caused by the earth fracture and
high and low resistance mixture of surface conducting layer, will significantly affect the
scale and distribution of surface potential. The scale of its influence is most affected by
the distance between the lateral variation interface to the grounding electrode, The
influence of distant fracture can be neglected, but far from the shallow high resistance
region will have a greater potential drop in the region, the front curve of ground electric
potential rise significantly, and it can not be neglected in the surface potential
distribution calculation.

(2) In the calculation of DC bias, the accurate calculation of ESP is the key, and the
calculation shows that the variation of ground potential caused by lateral variation of
earth resistivity will increase the bias current of the entire power grid when the nearby
power grid goes through the lateral resistivity variation area. And because the bias
current will circulate in the grid, the change of ground potential in local area will cause
the increase of the bias current in a larger region, and if the comprehensive value
horizontal homogeneous layered earth resistivity model is adopted, the large error will
appear, and the surface layer high resistance at 5 km in the example will cause the
substation bias estimated value to be 25.9% lower.

(3) Because of the lateral variation of the resistivity at a distance can also cause a
significant change in the surface potential distribution, which affects the magnetic
current level of the surrounding grid, considering that the distance between the
boundary surface and the grounding electrode is the primary influencing factor, and the
lateral variation of the 5 km outside the electrode site can still make a large error in the
estimation of the bias current. So at present, the resistivity measurement in the range of
the grounding electrode location can not satisfy the requirement of the bias current
estimation, and the range of the resistivity measurement should be considered in the
siting stage of the grounding pole. The lateral variation of earth resistivity has a great
effect on the surface potential distribution, and its scale is related to the range of
fracture width, depth, lateral variation, distance to grounding electrode and the level of
resistivity change.
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In addition, due to the analysis of the influence mechanism of earth resistivity lateral
variation on surface potential, only considering the two-dimensional resistivity model of
the Earth, the three-dimensional problem is converted into two-dimensional finite
element analysis, and the actual earth resistivity is changed in the three-dimensional
land space, which may have a greater effect on the distribution of ground potential. This
impact needs to be further studied.
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