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EXPERIMENTAL ANALYSIS OF IMPULSE CHARACTERISTICS
OF GROUNDING GRIDS WITH AND WITHOUT RODS
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Abstract

Impulse characteristics of grounding systems have a great influence on proper evaluation of
substation equipnent stresses from lightning overvoltages, protection and design points of view, The
grounding grid impulse characteristics depend on: grid parameters and soil characteristics as wcll as on
the impulse current shape, magnitude and discharge point. The addition of driven rods to the grid has an
action on grounding grid impulse characteristics,

This paper presents an experimental study for determining the impedance of grounding grid with
and wighout driven rods. Tests are conducted on three scale models to simulate single-, double- and triple-
layer soils, Also, the impedance of grounding grid calculated mathematically from (he generalized
equations which matched the impedance, voltage and current wave shapes. The values of grounding grid
impedances determined experimentally and mathematically are compared. The comnparison was closed
together and satisfied.

. It , which
1. Introduction voltages, which may cause damage to

the equipment, and may be dangerous (o

When lightning strikes an electric the

personnels  working  nearby.

substation, large currents flow in Moreover, modern electronic circuits

substation and equipment structures generally have weak signal levels and

before dissipating in the soil through the are sensitive to various kinds of
grounding system. The electromagnetic electromagnetic  disturbances.  The
fields generated by such lightning undesirable  electromagnetic  fields

surges will result in large currents and induced by the lightning current may
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ause nieasurement error or result in

Jamage to the electronic circuitry [1].

Protection from induced strokes is
conferred by the same means as for
direct strokes. Lightning can cause
Jdamage to structures by direct stroke
and to clectric equipment by surges
coming 1n over exposed power lines.
Surges may be the result of direct
sirokes to the line at some distance
away, or they may be electrostatically
induced voltages. Damage due to direct
stroke can be minimized by providing a
Jdirect path of low resistance to earth. It
is not possible to positively protect a
structure against damage from direct
stroke, except by completely enclosing
it with metal. Lightning cannot be
prevented; it can only be intercepted or
diverted to a path that will, if well
designed and constructed, not result in
damage. Even this means is not
positive, providing only 99.5-99.9%
protection. Complete protection can be
provided only by enclosing the object in
a . complete metal (or metal mesh)
cricapsulation [2].

The fault of high current flow to
substation grounding may be the

happening of lightning or short-circuit
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to grounding system. It causes potential
difference which initiates electrical
current paths through human body. If
the current is higher than tolerable
human, the result may shock him to
death. Good design of substation
grounding system is achieved if the
grounding system resistance is low [3].
The impulse characteristics of
grounding grid depend on grounding
grid parameters and soil characteristics
as well as on the impulse current shape,
magnitude and discharge point.
Comprehensive mathematical models
have been derived for the transient
grounding system analysis in the past
[4]; however, there are only a few
reports on experimental data. Such data
are important for the verification and
further enhancement of available
analytical models. The methods of
physical modeling are based on the
investigation of the grounding grid in
electrolytic tank. A  series of
investigations of
(16-mesh)  and
grounding grid (16-mesh with 25 rods)

experimental

grounding  gnid

configuration have been performed for a
single-, double- and triple-layer. The

impulse characteristics have been
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determined in terms of discharge points
and injected current shapes. The
presented graphs can be used to verify
and improve analytical models applied
in substation grounding system and
lightning protection design [4]-[5].

Most previous studies presented
about this topic are applied to single- or
double-layer soils’ structure [4]. In
sosne of the previous work, e.g. [5], the
water was used to represent the top
layer and ager for the bottom layer. The
main disadvantage of this model is that
the resistivity of the media could not be
closely controlled and maintained for a
long time. In most previous studies the
scale models were constructed from
galvanized iron, and supplied by 220
volt AC-supply using a variac.
Meanwhile, impulse characteristics of
grounding grid were not analyzed in
details [4].

In this paper the scale models are
constructed from aluminum (non-
magnetic material) which is more
suitable for high frequency applications
than the galvanized iron. A 10 kV
Impulse wave is used. A new suggested
comparison method which provides

main features for the influence of

adding driven rods to the grounding
grids by using scale models (singlc-,
double- and triple-layer for 16-mesh
grounding grid and grounding grid 16-
mesh with 25 rods) is experimentally
analyzed. Suggestion of new
generalized equations matching to the
curves of the impulse voltages and
currents for the last mentioned models
are also introduced, consequently the

impedance of the grounding grid are

determined.

2. Measuring Scheme and

Test Procedure
In order to determine the impulse

characteristics of the grounding grid in
real conditions considering the voltage
and current wave shapes as function of
time for single-, double- and triple-
layers, series of experiments werc
carried out using an impulse generator
[6]. The used impulse generators (1.2 /
50 ps) are designed to simulate
lightning and switching impulses, as
required by ANSI (American National
Standard Institute), IEEE (Institute of
Electrical And Electronics Engineer)
and IEC (International Electro-technical
Commission) requirements. The

impulse grounding impedance of
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grounding electrodes is the impedancc
value measured between the point
where the impulse current is injected
into the grounding system and another
clectrode of zero grounding resistance
in the ground at infinite spacing [7]. The
impulse impedance has highest valuc at
the beginning of the ascent of the wave
front and diminishes 'finally to the
steady state grounding resistance [8].
The impulse generators are comprised
of a control, triggering unit, impulse
generator stack and a dc charging
supply. Normally a voltage divider,
measurement  system and  other
accessories are added to the basic
system. Experimental investigation has

been made at an impulse voltage of 10

kY. The voltage measurement of the

ST T
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a) 16-Mesh grid with 25 driven rods

grounding grid potential is carried out
by using an oscilloscope [9].

The soil
determined by measuring TDS (total

characteristics  were

dissolved salt). Three models are used
during the experiments. A 16-mesh
grounding grid and a 16-mesh
grounding grid with 25 driven rods (rod
length = 3 Cm) were made of copper
with diameter 1 mm. Three test charge
points are considered A, B and C as
shown in the Fig.l. Thc impulse
impedances were determined using the
following expression: Z=V/1
where: V = maximum voltage at
discharge point.

I = injected current magnitude
at the time instant when V has been

reached.

b) 16-Mesh grid

Fig.1 Grid types and discharge points (A, B and C)
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3 Experimenta] Results resistivity 20.8 €-m and to a height of
and Discussions 22 em. Fig. 2, illustrates the impulsc test
3-1 Single-Layer Model circuit for the studied model.

To represent a singlc layer soil, an Five scries were performed (Vy, 14),
aluminum tank is constructed with (Vp, 1a), (Vo 1a), (Vi Ip), (Vi Ip),
dimensions of 95 cm X 95 ¢cm X 70 so that five cascs were studied and
cm. The tank is filled with water with a analyzed.
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» Sg is the spark gap in each slage.

» Cg is the capacitance of each stage of the impulse generator ( 200 nF).
* Lsis the inductance per stage impulse generator 4.4 pH.

* Ruis the tail resistance per stage 333.33 Q.

« R;is the front resistance per slage 15.8 (1.

» C,is the capacitance value of the test object in nF.

» C, is the: capacitance value of the front or pre-load capacitor in nF.

* C, is the stray capacitance of the hv circuit in nF.

» C; is the capacitance of the voltage divider 1482 nF.

» C, is the capacitance of the voltage divider 204 nF.

* R, is the value of the charging resistance per stage 17 kQ.

» N is the number of stages of the impulse generator.

* The total capacitive load on the generator is the sum of the individual loads:

Ci=C,+Cp+Cy + C,=39.5nF

Fig. 2 Immpulse test circuit for single-layer model
(16 mesh grid with and without 25 driven rods)
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ase no. 1 In this case the mcasured
Juantitics arc the impulse voltage at the
discharge point A of the grounding grid
configuration and current wavc-shapes
at the samc point (VA, [A). The tests
were applied for 16-mesh grid and 16-
mesh grid with 25 driven rods. The
results oblained in this casc arc
illustrated by Figs. 3 ond 4.

The results show (hat both the
impulsc voltage amplitude and the
voltage front risc time decrease by
B.16% and 11.36% respectively aller

using driven rods. Whercas, the impulsce
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and its [ront risc limc dccrcases by
37.42%. 'The

dcecreases by 19.48%. The other lour

impulse  impedance
casc studics give similar resulls and the
complete results of the five cases
studied are shown in Table 1. The
obtained results arc in agreement with
the theoretical and cxperimental oncs
attnined by other published papers | 10].
The

decreases as the peak value of the

valuc of impulsc impedance
current  increases, tending towards a
limiting value that depends on the

structure and resistivity thercofl of the

current amplitude incrcases by 12.32% soil.
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Fig 3 V4 and 14 at discharge poiut A for single-layer wmodel (16 mesh grid) .
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Fig4 V4 and I 4 at discharge point A for single-tayer model
(16 mesh grid with 25 driven rods)
Table 1 Siugle layer experiinental resnlts
8 16-Mesh grid without rods 16-Mesh grid with 25 rods
z
-§‘ % 2 g Shape Parameters Shape Parameters
: # 188 35 g Voltag Current z Vaoltage Current z
S |24 §¢ oftage ) G ()
S la 26 |y | T2 ] T2 v TI7E2 ) TINZ
{ns) (ps) (ps) (ps)
’ I [ A |[VAsTA {7000 | 0.66/7.33 | 9333 | .668/7.05 | 0.7500 | 6420 | .585/6.78 | 107.00 [ 4IRS | 0.6000
2 | A [¥paTa| 6840 | 0.96/7.513] 90.13 | .668/7.26 | 0.7589 | 6480 | .835/6.70 | 105.00 | .376/6.813 | 0.617T1
3 | A VeI 600 | 0.5857.03] 9001 | 5007745 | 07617 | 6340 | 484/6.74 | 10433 | .418/6.63 | 0.6077
4 | B |Vp-Yp| 6840 | 0.543/7.163) 90.59 | .S01/7.03 | 0.7550 { 6480 | 585/7.125 | 107.75 | .651/7.095 | 0.6013
5 | B | VYoolg) 6940 | 0.501/7.3 | 8990 | 501/7.58 | 07719 | 6340 | 418673 | 10267 | S51/7.125 | 0.6175

* T1: Nominal front time of impulse current and voltage.
T2: Nominal taif time of impulse current and voltage.

** 7 lmpulse impedance.




3-2 Double-Layer Model

The dimensions of the used
constructed aluminum tanks arc 0.95 m
X 0.95 m X 0.70 m for the bigger tank
and .91 m X 0.91 m X 0.495 m for the
smaller one. The walter resistivity was
changed by adding adequate amount of
pure salt 7.1 Q-m. Arrangcment was
made to keep the bigger tank on the
floor and support the smaller tank on it.
The bottom of the upper tank is 4 Cm

below the top of the lower tank. The
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upper tank sides are isolated with a
PVC sheet with a height 30 Cm from its
bottom so that the current passes only
through the base of the tank. The two
tanks arc connecled to a test circuit
similar to that in Fig. 1. A serics of
mecasurements were taken, so that five
casc studies (cases 6-10) were recorded
and analyzed. The complete results of
the five cascs studied are shown in
Table 2.

Table 2 Double layer experimental results

s 16-Mesh grid without rods 16-Mesh grid with 25 rods
rd
-§' @ ¥ 1 Shape Parameters Shape Parameters
= i) - = . s
) a = S5 = - r A (A
% €2l 28 Voltage Current «) Yoliage Current @)
<& 'E &l v T2 ] T1/12 v TUT2 ) T2

(ps) (ns) (es) (ps)
6 | A (YA TA | 4900 [ 0.504/4.74 ) 63.06 | 0.451/4.835( 0.7770 | 4718 | 03347312 | 7013 | 0.693/3.71 | 0.6730 |
" Vi T A | 5020 | 0.481/4.60 | 633G | 03514479 | 07930 | 4680 | 043/3.72 | 6831 | 0.281/3.55 | 0.6851
8 1A [Vl o] 5080 | 0.334/4.60  63.90 | 04842451 | 0.7945 | 4720 | 0.334/3.955 | 69.80 | 0.476/3.71 | 0.6762
o | B [ Vglp| 5020 | 0.392/4.57 | 6469 | 050149 | 07760 | 4680 | 0.250/3.625 | 6954 |[0.184/3.695| 0.6729
10 | G |Yeslp | 5030 | 0.409/4.63 | 64.61 | 0.434/4.78 | 07863 | 4720 | 04238 | 6011 | 03347371 | 0.6829

3-3 Triple Double-Layer Model
A third tank  with

dimension 86 Cm x 86 Cm x 50 Cm is

used. The walter resistivity is changed

aluminum

by adding a morc amount of purc salt
15 Cm

arrangement is made to kecp the two

4,05 ohm-m, height. An

tanks in the second model insidc it. The

bottom of the upper tank is 5 Cm below

the top of the intermediate tank. The
upper and intermediate tanks sides are
isolated with a PVC sheet with a height
30 Cm from the botlom of them. A
serics of mecasurcnmicnts were taken, so
that five casc studies (casecs 11-15 )
were rceorded and  analyzed. The
conmplete results of the five casc studies

arc shown in Table 3.
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Table 3 Triple-layer experimental results

16-Mesh grid without rods

16-Mesh grid with 25 rods

g
2 5 oy Shape Paramelers Shape Paramneters
=3 =
#z|s8E| & z Z
s|s8 g 5. Voltage Current () Vollage Current o
wla =0 v TI/12 ; TI12 v T2 i TI/T2

(ps) (s) {ps) (ps)
1| A |YasTa | 4400 | 418/2.74 | 9035 | 3517266 | 04870 | 4M0 | J484/2.12 | 8839 | .54372.24 | 04910
12| A | VYpila | 4420 | 4182675 90.29 | .501/2.85 | 0.4895 | 4240 | J18/2.08 | 8595 | 4347233 | 0.4933
13 A [Yoila| 4400 | 443726439033 | 86/2018 | 04871 | 418¢ | .267/1.93 | 8432 | .I84/0.955 | 0.4957
Ml B [ Ve.lp| 4420 | 376/2.72 (9076 | 33172724 | 0.4869 | 4240 | 351/1.89 | 8634 | 334185 | 04911
15| B |Yo.lp| 4400 | .418/2.800 | 90.52 | .501/2.80 | 0.4861 | 4180 | .267/2.05 | 5429 |.501/2.1003 [ 0.4959

4- Impulse Impedance at

Discharge Points
Either for 16 mesh grid or 16 mesh

grid with 25 driven rods at the last

intervals the impedance at discharge

points can be evaluated by dividing the

measured voltage by the measured

currcnt at that point. The impulsc

impedancc values are tabulated in Table

4 {or single, double and triple layers.

Table 4 Impulse impedance Z (2) for differcut measuring points

a- Single- layer

LMcasurcmcnt Point

16 Mesh grid 16 Mesh grid with 25 rods
Zaa 0.75000 0.60000
Zna 0.75888 0.61714
Zca 0.7617 0.60767 )
Zun 0.75500 | 0.60130
Zcn 0.77197 | 0.6175

b- Doublec- layer

Measurement Point 16 Mcsh grid 16 Mcsh grid with 25 rods
Zaa 0.48700 0.49100
Zua 0.43950 0.49330 |
Zca 0.48710 0.49574
yAm 0.48690 0.49100
B Zcs 0.434610 0.49570 )
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I'rom the analyzed (est results for the

fast mentioned models, it can be
concluded that
¢ The single- and double-layer soils,

0
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¢- Triple- layer

r~

| Mecasurcment Point | 16 Mesh grid 16 Mesh grid with 25 rods J
| ZA 0.77700 0.67300
Zua 0.7930 0.6851
) Zca 0.7945 0.67620
L Zw 0.7760 0.6729
. Zen 0.78630 0.67829

5. Conclusions

impulse impedance decreases with
adding rods. On the other hand, the
impulsc impedance is approximatcly
unchanged valuc in the triple-layer
soils.

The addition of driven rods to the
gr.d  decreascs the  impulsc
impedance by the  following
percentages: 19.85% [or single-layer
soil, 13.75% for doublec-layer soils,
and 1.25% for triple-laycer soils.
The impulsc impedance valuc on all
studied cascs (grid with and without
rods {or single-, double-, and triple-
fayer soils) are approximatcly tlic
same value cither discharge points

AorBorC.

¢ The presented results can be used (o

verify the mathematical modcls

applied in substation grounding

syslems.
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