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Investigation of Large-scale Transmission Tower Grounding Grid with
High Amplitude and Uniform Flowing Impulse Current

Shuai Yang', Jiarui Huang*, Shaodong Wei** and Wenjun Zhou**

Abstract — Impulse characteristic of transmission tower grounding grid is needed for lightning
protection of transmission line. This paper describes an outdoor experimental test facility established
for large-scale grounding grid of transmission tower, made up of four impulse current generators and a
circle current return electrode. The amplitude of impulse current is up to 100 kA. The results of the
CDEGS simulation and GPR measurement reveal the uniform current distribution in the test
arrangement. An impulse test for a square electrode with extended conductors is carried out in
condition of three current waveforms with different amplitude. Based on the electrical network model
and iterative algorithm method, a calculation model is proposed to simulate the impulse characteristic
of large-scale grounding grid considering soil ionization. The curve of impulse resistance against the
current amplitude shows the soil ionization both from the simulation and test. Deviation between the

simulation and test result is less than 15%.
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1. Introduction

Impulse performance of transmission tower grounding
grid plays an important role in lightning protection of
transmission line [1, 2]. Due to soil ionization and
conductor inductance, impulse performance of grounding
grid is quite different from that under power frequency
condition [3, 4]. Numerical simulation and impulse test
are two main investigation methods for the impulse
characteristic of grounding grid. There are many kinds of
simulation model applied with the development of
computer technology [5-13]. But every model is based
on some simplification and assumption, and the result need
to be verified by lots of tests.

Current amplitude and grounding grid size are two main
factors in the impulse test. Because of the limitation of test
equipment, scale-down model of grounding grid with small
current amplitude is widely used [14-16]. But there is no
definite relationship between the scale-down model and the
full-scale grounding grid. Limited test results on full-scale
grounding grid in field test or at transmission towers have
been publicized. In these tests, there is always a large-scale
grounding grid with small current amplitude [17-21], or
simple electrode with large current amplitude [22, 23].
Furthermore, the current return electrode is placed at one
side or one point on a circle electrode. The current in these
tests is flowing non-uniformly in the soil, which is
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inconsistent with the actual lightning current release
process and affects the measurement result.

Thus this paper describes an outdoor experimental test
facility established for large-scale grounding grid of
transmission tower, which can generate a uniform flowing
impulse current with amplitude up to 100 kA. Current
distribution on the current return electrode is calculated
using the CDEGS software in condition of different current
generator arrangement. The GPR (ground potential rise) in
the test area is measured along five paths. Based on this
test facility, an impulse test for a square electrode with
extended conductors is carried out. The test result is
compared with the calculation model using electrical
network model and iterative algorithm method, which
takes soil ionization into consideration.

2. Test Facility for Large-scale Grounding Grid
2.1 Test facility arrangement

Four impulse current generators charging and discharging
in parallel are used to generate high amplitude current. In
order to make the impulse current flowing uniformly in the
soil, a circle electrode with a diameter of 40 m is applied as
the current return electrode. The tested grounding grid is
buried at the center of the circle electrode. As shown in Fig.
1, four impulse generators are placed upon and connected
with the circle electrode uniformly. The outputs of four
generators are connected together in the circle center by
overhead aluminum pipes. The impulse current is injected
into the grounding grid buried in the circle center via a
sphere gap, regulating impedance and current shunt. 60
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Fig. 1. Test facility arrangement

Fig. 2. Structure of an impulse current generator

mmx6 mm copper strip is the main material of the current
return electrode which is buried in 1000 mm deep. In order
to reduce the circuit resistance, 12 copper pipes are placed
under the copper strip circle uniformly. The copper pipe is
1500 mm long, 3 mm thick and the radius is 25 mm.

Structure of a single impulse current generator is shown
in Fig. 2. There are five capacitor banks in series and
three pulse capacitors in parallel in one capacitor bank.
The rated voltage of one capacitor is 200 kV and the rated
capacitance is 0.6 pF. The tested grounding grid is a square
electrode with extended conductors. The square side length
is 4 m, and the conductor length is 4 m. The soil resistivity
in the test area is 42.2 Q'm, and the power-frequency
grounding resistance of the tested grounding grid is 2.95
Q. Based on the test arrangement above, three impulse
currents are generated by changing the regulating
impedance value. The front times and tail times of three
impulse currents are 2.2 us/24.5 ps, 4.7 ps/11 ps and 7.6
ps/18.5ps. The amplitude ranges are 5 kA-19 kA, 16 kA-
100 kA, and 10 kA-53 kA respectively.

Impulse current is measured through a shunt with a
resistance value of 0.0020684 Q. The potential rise of the
tested grounding grid and earth surface is measured by a
capacitive voltage divider with a voltage division ratio of

Fig. 3. Circular arcs division and GPR measurement paths
for current distribution investigation

1051:1. The remote potential reference point is at the
northwest corner 50 m far away from the circle center.
The capacitive voltage divider is placed close to the
tested grounding grid to reduce the length of measurement
line connected to the high voltage terminal. The voltage
measurement line connected to the remote potential
reference point is a single insulated conductor supported by
epoxy resin rods (Im tall), in a direction on the bisector of
right angle formed by two current injection lines to
minimize inductive coupling. TDS3014 digital oscilloscope
is used to measure the current and potential rise waveform.
The sampling rate is 1.25 GS/s, and the bandwidth is 100
MHz. The digital oscilloscope is powered by a UPS and
placed on an insulation platform to be isolated from the
high potential in the test.

2.2 Distribution of GPR and current in the test

Current distribution in the soil is unable to be measured,
thus the current distribution on the current return electrode
is calculated using the CDEGS software [24]. Because the
test facility is symmetrical, just a semicircle is taken into
consideration and divided into four circular arcs uniformly
(C1-C4). The current distribution is calculated in case of
one generator (#1), two generators (#1 and #3) and four
generators. The current injected into the grounding grid is
2.6/50 ps with an amplitude of 20 kA. The result is shown
in Fig. 4. The arrangement of current return electrode
affects the current distribution significantly. Frequency
domain analysis is applied in CDEGS simulation to obtain
the result. The main frequencies of 2.6/50us current are 0,
6.666, 13.333, 20.000, 26.667, 60.000, 93.333, 240.000,
480.000, 720.000, 960.000, 1200.000, 1440.000, 1680.000
and 1706.667 kHz. The current distribution result is
composed with all those frequencies. For high-frequency
content, current distribution is based on distributed circuit.
Although the circle electrode is applied, the current is
concentrated around the return point on the current return
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Fig. 4. Current distribution on the return electrode based
on CDEGS simulation

electrode. The current is flowing non-uniformly as the
return points are non-uniform. More generators placed
uniformly could cause more uniform current distribution.
According to the simulation result, current distribution is
much uniform in case of four generators.

In order to reveal the current distribution indirectly, the
potential rise of the current return electrode and the GPR
along five paths in the test area are measured when 100 kA
8/20 ps impulse current is injected into the grounding grid.
The results are shown in Fig. 5. Current density in the soil
affects the GPR distribution in the test. The GPR values
along five paths are not consistent around the grounding
grid due to higher current density around the conductor. As
the distance of measurement point from the circle center

]
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increases, the effect of conductor is weakened and the
difference of GPR values along five paths is much small.
The potential rise of the circle electrode is not equipotential
with the impulse current injected. The point connected with
the generator is higher due to higher current density at the
return point. Overall the potential rise distribution is
uniform along different measurement paths, which reveal a
uniform impulse current flowing in the test.

3. Simulation for Large-scale Grounding Grid
3.1 Grounding grid model

According to the electrical network model, a grounding
grid is divided into several segments [13]. Each segment
represents a branch of the circuit, made up of a serial
resistance and self and mutual inductances. The response
of this model is obtained though the frequency analysis.
Fig. 6 shows a single horizontal grounding electrode
divided into r segments and n nodes. The grounding grid is
energized by injection of single frequency current at one or
more nodes, named as [F],«. [V].; 1s defined as the
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Fig. 6. Electrical network model of a single horizontal
grounding electrode

voltage between each node and the remote potential
reference, and [U],; is the average voltage along each
segment. As the segment is short enough, [U],«; is defined
as the average of node voltages at a segment.

—  V+V
G=m ®

where / and m are two nodes in the both ends of segment £,
and the following matrix equation is obtained.

(U =k [V 1 2

where [k],«, is the relation matrix of segments and nodes,
and the elements are as follows.

i {0.5 when segment [ is connected with node m
i =

0 when segment | isn't connected with node m

There are two kinds of current in each segment, one is
longitudinal current and the other is leakage current. The
relationship between the leakage current [/]..; and the
respective voltage of each segment is shown as Eq. (3).

[£].q =[G].., - [U]. 3)

where [G].., is a matrix of conductive and capacitive
coefficients.

The longitudinal current in each segment is regards as a
uniform one. The leakage current [/]..; is assumed to just
flow out of the nodes defined as [J],x;.

[0 =[KT ., (1] “

The single frequency current [F],.; and leakage current
[/].x1 at each node are regarded as current sources.
According to nodal analysis, the following equation is
acquired.

[F];m _[‘]]nxl = [Y],,x,, '[V]nxl Q)

where [Y],., is a matrix of the circuit including resistive
and inductive effects.

Based on the equations above, following equation is
obtained.

[Fl, =(IKT s, [GLy [K Dy + Y10 ) V] (6)

The response of this model such as [V],.; and [J],x; can
be calculated after the matrix [G],., and [Y],,, are obtained.

3.2 Matrix [¥],xx

[Y],x. 1s @ matrix of the circuit, including self-resistance,
self-inductance and mutual inductance. The self-resistance
and self-inductance of segment j are obtained by Egs. (7)
and (8) respectively.

/
Rjj:p; (7)

Y7 2r
L. =—|In—-1 8
“ 27[( [ j ®)

where / is the segment length; s is the segment sectional
area; r is conductor radius; u is magnetic permeability of
soil; p is conductor resistivity.

The mutual inductance of segment j and segment & is
acquired as follows.

dl -dl.
__M K
L./‘k - 4 J.z/. J.zA d/_k (9)

where dj is the distance between d;and d,.

According to these equations above, the branch
admittance matrix of the model is obtained. [Y],., is
calculated as follows.

Y=4Y, 4" (10)
where [A4] is the relation matrix of model.
3.3 Matrix [G],«,

Based on Eq. (3), following equation is obtained.
[U]rxl = [Z]rxr : [[]I‘Xl (1 1)

where [Z],, is transposed matrix of [G],,.

Element Z; in matrix [Z],., represents the potential rise
in segment j when one unit current is drained in segment k.
This paper only introduces the calculation in homogeneous
soil, while mirror image method is applied in condition of
multilayer soil. Segment length cannot be neglected for
reducing the calculation error. A segment must be divided
as multiple units. One unit current is drained in segment £,
and the segment length is /. dl, is one unit on segment £,
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Fig. 7. Mirror image of current source

and the current drained from dI is dl/l,. The length of
segment j is /;, and d/; is one unit on it. Taking the surface
of earth into account, a mirror image of current source d/;
should be added as adl)/I, in Fig. 7. o is the mirror image
coefficient of soil to air. For a single frequency current, the
current density could be expressed as follows.

J=0FE+ josE (12)

The mirror image coefficient of soil to air could be
acquired as follows.

_ 1/ p, =1/ p, + joo(&, — &)
1/ p +1/ py+ jo e +&,)

(13)

where p, is the resistivity of air, Q'm; &, is the permittivity
of air, F/m; p,; is the resistivity of soil, Q'm; &, is the
permittivity of soil, F/m; w is the angular frequency of
single frequency current, rad/s.

Air resistivity is assumed to be infinite, and Eq. (13) is
simplified as follows.

_ 1/ p + jo(s —&,)
1/p1+jw(gl +80)

(14)

The potential rise of d/; on segment j caused by current
source dl, and its mirror image adl/l, is acquired as
follows.

dU , = 1 4 dl, ./lk ia di, /1, (15)
An(l/ p + jos)\ dj, dy

d, =L+ —~h) (16)
d, =L +(h +h) (17)

where dj is the distance between dly and di;, m; dj is the
distance between mirror image dl- and dl, m; L is the
horizontal distance between dl;- and di;, m.

The average potential rise of segment j caused by
segment £ is obtained as follows.
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1 1 1
Uy=———[ [ (—+a—ldl,
" an(l p + jowe) L/Lk(djk djk,)d‘ / (18)

Thus the element Z; in matrix [Z],., is obtained by Eq.
(19).

Z,=—-————| | (—+a——)dldl,
! An(lfp + joe)l J'[’J'[‘(djk djk,)dA J 19)

Based on the same method, diagonal elements of the
matrix are obtained as follows.

P S— ljj‘ddlﬂ-f
R 4 1/p1+]a)51)l 2, d I

where 7 is the radius of segment j, m

(20)

3.4 Iterative algorithm of soil ionization

Soil ionization takes place when the current leaking
into the earth is high enough to produce electric field
intensity greater than a critical value, which is defined as
soil ionization. In order to take the soil ionization into
consideration, the equivalent radius of grounding grid is
applied [12]. The conductor segment of grounding grid is
modeled using cylindrical conductor and its equivalent
radius r; is increased after the soil ionization occurs
according to the following equations.

_rE
TE (21)

— 1[
27lr() p+ joe) (22)

where 7; is the equivalent radius of segment i, m; /; is the
leakage current of segment i, kA; p is the resistivity of soil,
Q-m; /; is the length of segment i, m; E, is the critical
breakdown strength of soil, kV/m; r is the radius of
grounding conductor, m.

According to the calculation of matrix [G] and [Y], the
diagonal element of matrix [G] varies with the change of
equivalent radius, and matrix [Y] remains unchanged.
Leakage current is needed to obtain the equivalent radius,
and it also varies with the equivalent radius. Thus the
iterative algorithm is applied to build up the relation
between equivalent radius and leakage current. Firstly as
the frequency of current is w, [F(w)] is obtained by means
of Fourier transform, [Y(w)] and [G(w)] are calculated
according to the initial parameters of the grounding grid.
Then the response matrix is computed based on the method
above such as [U(w)], [(w)], [/(w)] and [J(w)]. The time
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dependent response is obtained lately. According to the
leakage current /; of segment 7, the equivalent radius 7; of
segment i increased by the soil ionization is obtained by
Egs. (22) and (23). This equivalent radius r; is used to
calculate the variation matrix of leakage current at the node,
named as [AJ(w)]. Superimposing [AJ(w)] on [F(w)] as
new external current source, the response matrix is
computed again. The iterative algorithm is finished until
convergence criterion is achieved.

4. Comparison between Test and Simulation

The critical breakdown field strength of soil is measured

5.
—e—  Large scale test

—+—  Simulation{Ec=210kV/m})
4 —a—  Simulation(Ec=280kV/m)

T —————
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Fig. 8. Impulse grounding resistance against current
amplitude in case of different current waveforms

using a coaxial cylindrical electrode [25], and the value
ranges from 210 kV/m to 280 kV/m. According to the
grounding grid size and soil parameter, impulse charac-
teristic of the tested grounding grid is simulated using the
method proposed. The soil resistivity is 42.2 Q'm and the
soil relative permittivity is 10. The large-scale test is carried
out in condition of three impulse current waveforms.
Impulse grounding resistance and potential rise are shown
in Fig. 8 and Fig. 9 respectively.

The impulse grounding resistance obtained from the
proposed model is consistent with the test result. Compared
with measured value, calculation error of the method is less
than 15%. The curve of impulse resistance against the
current amplitude shows the soil ionization both from the
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Fig. 9. Potential rise in case of different current waveforms
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model and test. Impulse grounding resistance decreases
with the increase of impulse current amplitude. But the
decrease trend is not obvious due to the low soil resistivity
and large grounding grid size. Large size reduces the
current density around the grounding grid, and low soil
resistivity leads to low electric field intensity around the
grounding grid. The current amplitude is up to 100 kA in
case of 4.7 ps/11 ps current waveform, but the impulse
grounding resistance decreases non-significantly when
the current amplitude exceeds 60 kA. The wave front of
grounding potential rise is obtained from the model and
test. The waveform calculated is smooth and the variation
tendency is consistent with that of test. The waveform
measured shows obvious oscillation due to the refraction
and reflection of wave propagation in the long measure-
ment circle.

Soil parameters are important in the simulation such as
soil resistivity, permittivity and critical breakdown field
strength. Critical breakdown field strength of soil is not the
same in published literatures, and the main value is about
300-400 kV/m [26]. Comparison between 210 kV/m and
280 kV/m reveals that critical breakdown field strength
affect simulation result. As the injection current is small,
leakage current of conductor segment is small which
cause low electric field intensity on the conductor surface.
The effect of soil ionization and critical breakdown field
strength is not significant in condition of small current.
As the current increases, effect of critical breakdown
field strength is obvious. Higher critical breakdown field
strength leads to larger impulse grounding resistance.
The wvariation trends of impulse grounding resistance
against current amplitude with different critical breakdown
field strength are consistent. This is because the equivalent
radius of segment is inversely linked to critical breakdown
field strength based on Eq. (21). In order to obtain accurate
simulation result, critical breakdown field strength of soil
needs to be measured for certain researched object.

According to reference [4, 27, 28], the soil resistivity
and permittivity are dependent on the frequency as follows.

P=p, {1 (12310 xp,"™ ) x [(f ~100)*” }}1 (23)
£=7.6x10°x % 113 (24)

In the model proposed in this paper, the soil parameter
is assumed to be constant value. The consistency
between test and simulation is good. If the frequency
dependent soil parameter is applied, the matrix [G],., and
[Y],x, needs to be recalculated at each single frequency
current. Furthermore electric field intensity on the con-
ductor surface is also modified at each single frequency
according to Eqgs. (21) and (22). Those two modifications
make much more calculation amount in the iterative
algorithm comparatively to the condition of constant soil
parameter. Frequency dependent soil resistivity decreases
the potential rise value in reference [27, 28]. According to
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the comparison between the test and simulation in this
paper, simulation result is a little larger than that of test.
Thus the frequency dependent soil parameter might reduce
the calculation error. Simplification and optimization of the
model proposed will be carried out in following research.

This paper proposes a test facility and a simulation
model for large-scale grounding grid of transmission tower.
The test facility is built up not only for investigation but
also for industry application. Based on the test facility,
impulse performance of different grid structure is estimated
in testing environment much closer to the actual lightning
process. Furthermore some new material of grounding
grid can be tested such as graphite electrode. Due to the
immovability of the test facility, it cannot be used for
estimating the actual grounding grid. The simulation is
proposed for extending the estimation, and the comparison
between test and simulation reveals good consistency for
application.

5. Conclusion

1) A test facility is built up to generate a uniform flowing
impulse current with the amplitude up to 100 kA. Four
impulse current generators charging and discharging in
parallel are placed upon a circle current return electrode
with a diameter of 40 m. The results of the CDEGS
simulation and GPR measurement reveal the uniform
current distribution in the test.

2) The curve of impulse resistance against the current
crest value shows the soil ionization in the test. Impulse
grounding resistance decreases with the increase of
impulse current amplitude. But the decrease trend is not
obvious due to the low soil resistivity and large grounding
grid size. Large size reduces the current density around the
grounding grid, and low soil resistivity leads to low electric
field intensity around the grounding grid.

3) Based on electrical network model and iterative
algorithm, this paper proposes a model to simulate the
impulse characteristic of large-scale grounding grid.
Compared with measured value, calculation error is less
than 15%.
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