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Summary:

Earthing system design practices are usually based on
requirements for minimization of power frequency ground
resistance and touch and step potentials. However, high
frequency performance of the earthing systems is essential
for the reduction of transient voltages that may appear at
terminals of connected sensitive electronic systems. This
paper presents results of ongoing research that suggest
some simple improvements of the earthing systems design
aimed at better high frequency performance.
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1. INTRODUCTION

Recent international and national EMC standards re-
quire maintaining of immunity margins against transient
electromagnetic disturbances in different eectronic sys-
tems, including computers, telecommunication equipment,
contral systems, etc. Of special interest is lightning, sinceit
is a high-energy phenomenon, which might affect sensitive
electronic systems and cause their malfunction or destruc-
tion. The efficiency of the protection against unwanted
effects of lightning is strongly influenced by the proper
design of the electrical systems' earth termination [1].

Many researchers have dealt with the problem of high
frequency and transient behavior of earthing systems, from
both theoretical [2]-[19] and experimental [20]-[23] points
of view. Linear horizontal and vertical grounding elec-
trodes are analyzed in [2]-[4] and more complex arrange-
ments grounding eectrodes of are analyzed in [5]—[19].
The most of these works [2]—[11] are based on quasi-static
approximation that limit their applicability to lower fre-
quencies, simple geometry, smaller dimensions or more
resistive soil [12]. More recently, formulations derived
from the full set of the Maxwell’ s equations, based on a-

tenna theory, have been developed [13]-[19]. This rigorous
approach surpasses the limitations of the previous more
simplified approaches, but is more complicated for use.
However, it is apparent that the knowledge on this subject
is still fragmentary. As aresult there are no clear standard-
ized engineering procedures for proper design of different
grounding arrangements for better high frequency and tran-
sient behavior.

The primary purpose of the study in this paper was to
describe results of ongoing research concerning optimiza-
tion of the earthing systems design that may lead toward an
advance in a formulation of such engineering procedures.
The first part of the paper describes simple rules for opti-
mization of simple grounding electrode arrangements,
while the second part of the paper deals with more com-
plex grounding arrangements such as grids. However, final
optimization presently is possible only by using sophisti-
cated computer software, such as [25]. The use of such
softwareis briefly described in the Appendix.

All results in this paper are obtained by computer
simulation using the software package [25], based on the
rigorous antenna theory mode for high frequency and tran-
sient analysis of earthing systems [17]. This approach has
been extensively validated by comparison with experi-
mental results by the Electricité de France [20]—[24]. De-
tailed results of the validation are published in [18] and
also in [17] where interested reader may find all details on
the model.

Analysis in this paper takes into account frequency de-
pendent behavior and neglects the effects of soil break-
down. For large enough currents the electric fields at the
ground eectrode surface may become greater than the
ionization threshold of approximately 300 kV/m [26], and
breakdown of the soil may occur. This will decrease the
ground impedance of the eectrode. The analysis in this
paper considers more conservative upper bound of the
ground impedance, when breakdown of the soil has not
occurred.
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Fig. 1. Impedance to earth of horizontal linear electrodes of
length ¢ buried at 0.5 m depth in soil with resistivity
r and relative permittivity e = 10.

2. GOAL OF PROPER DESIGN FOR REDUCTION
OF TRANSIENT VOLTAGES

The earth termination of the protection against effects
of lightning may be constructed by different arrangements
of buried conductors, ranging from individual rods or hori-
zontal wires to extended meshed networks of conductors.
The primary goal of the corresponding earthing system is
to discharge the excessive lightning current impulse into
the sail in a very short period of time, ranging in microsec-
onds or milliseconds. During this period, transient proc-
esses must not give rise to any danger to the people or any
damage to the protected installations. Such goal should be

achieved if: the maximal voltage between a point at the
earthing system and a point at remote neutral ground, and
the voltages between points at and near to the earthing
system, are kept below an acceptable limit.

Therefore, proper design procedures should minimize
the peak transient voltages on the conductors of the
earthing system, for the anticipated worst case of lightning.

3. HIGH FREQUENCY PERFORMANCE OF
GROUNDING ELECTRODES

Figure 1 shows results that enable an analysis of the fre-
quency dependent behavior of horizontal grounding elec-
trodes.

From the results in Fig. 1 it can be seen that two fre-
quency ranges may be distinguished: low frequency (LF)
range, where the impedance is nearly constant, or fre-
quency independent, and high frequency (HF) range, where
impedance is changing with frequency. The limiting fre-
quency of such LF behavior is some characteristic fre-
quency F. [27]. In observed examples such characteristic
frequency F; is in the kHz range or up to MHz range, de-
pending on the earth resistivity, electrode length and loca-
tion of energizing point. The characteristic frequency F. is
larger for smaller dimensions of the eectrode and larger
values of the earth resistivity and for central energizing
point.

For frequencies larger than the characteristic frequency
F., HF ground impedance may be smaller, for example for
¢ from 2-mto 8-min Fig. 1c, or larger, in all other casesin
Fig. 1, than LF ground resistance. Such behavior of
grounding electrodes in circuit terms may be specified as
capacitive (smaller HF impedance) and inductive (larger
HF impedance). Capacitive behavior is highly advanta-
geous since the HF behavior is better than the LF behavior.
Unfortunately, such capacitive behavior is typical for elec-
trodes with smaller dimensions and in highly resistive sail,
and in nearly al other cases the grounding electrode be-
havior isinductive.

The grounding e ectrodes with capacitive behavior have
most effective HF performance, while the grounding elec-
trodes with inductive behavior have more effective HF
performance if the characteristic frequency F.islarger.

The position of the energizing point has no effect on the
LF performance, however it has very significant influence
on the HF performance. The characteristic frequency F
depends on the distance of the energizing point and the
open end point of the electrode and not on the length of the
electrode. Consequently, F. for center driven electrodes is
equal to F of two times smaller end driven electrode.

Fig. 2 gives the regions of inductive and capacitive be-
havior of grounding e ectrode depending from the length
and the soil resistivity. Here "length” is the distance be-
tween the energizing and the open end point of the
grounding el ectrode.

4. CRITICAL LENGTH OF GROUNDING
ELECTRODES

For every characteristic frequency F; there is a critical
length ¢c above which HF impedance is larger than LF
impedance [27]. The following formula, based on similar
formulain [27], is deducted from theresultsin Fig. 1:
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Fig. 2. Regions of inductive and capacitive behavior of
grounding electrodes.
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tion of characteristic frequency and soil resistivity —
comparison between computations in Fig. 1 and for-
mula (1).
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Another difference between (1) and the formulain [27]
isthat here /¢ is the distance between the energizing point
and the open end point of the grounding eectrode. Fig. 3
shows comparison between (1) and results of computations
presented in Fig. 1.
In most cases the characteristic frequency Fc may be as-
sumed as about 0.1 MHz for lightning first stroke and 1
MHz for return strokes [27].

5. SIMPLE RULESFOR DESIGN OF
GROUNDING ELECTRODE ARRANGEMENTS

It is known that vertica grounding electrodes have
similar behavior with for horizontal ones, although, the
vertical grounding electrodes are more efficient than the
horizontal ones, both in the LF and HF ranges. Therefore,
Fig. 2 and (1) may be approximately used for rod eec-
trodes also. Consequently, the following rules are applica-
ble for arrangements of horizontal and vertical electrodes.

Fist choice to achieve for better high frequency and
transient behavior is to use grounding electrodes with
dominantly capacitive behavior [24]. The region of capaci-
tive behavior may be approximately estimated from Fig. 2
for both horizontal and vertical grounding electrodes. If
grounding electrodes with dominantly inductive behavior
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Fig. 4. Improvement of the high frequency and transient
performance of simple grounding electrode arrange-
ments. (Case A is end-driven and Case B is center-
driven 22-m copper wire with 1.4-cm diameter buried
at 0.5-m. Case C are two parald 18-m wires at 0.5-m
distance, connected in the center by 1.5-m wire. Case
D is four-arm star with 6-m arm and 3-m rod in the
center. Soil iswithr =200 Wm and & = 10. Injected
current is To/T, = 0.25/100 ns return lightning im-
pulse [28]).

are used, which is usually the case, their lengths should be
smaller than or as near as possible to the critical length for
the chosen characteristic impedance. The critical length
may be estimated by (1) for chosen characteristic fre-
quency.

The grounding e ectrode arrangement should be always
connected near its middle point and never at its edge point.
Thisis awel-known rule and also obvious from the results
inFig. 2.

In general, as many as possible paths for the current
near the connection point should be allowed.

All these rules may be in fact reduced to the following
onerule: High frequency and transient performance is
improved by minimizing the length of the current path
through the grounding electr odes.

The application of these rulesisillustrated in Fig. 4. To
obtain LF ground resistance R = 15 W, 22-m horizontal
wire is used. However, the worst choice for the transient
performance is to connect the wire at the end point (Fig. 4



25
Z A B
2
0 A
< i
S 15
3
&
-§. M > B
g10 16m 16m
5
9100 1000 10000 100000 1e+06
Frequency (Hz)

Fig. 5. Improvement of high frequency and transient per-
formance by placement of current feed point away
from the edge. (16 ~ 16 m? grounding grid with 2~ 2
square 8-m meshes of copper conductor with 1.4-cm
diameter buried at 0.5-min soil with r =100 W.m and
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Fig. 6. Improvement of high frequency and transient per-
formance by reduction of conductor separation near
current feed point (all dimensions and data are same
asin Fig.5).

Case A). Connection at the middle point (Fig. 4 Case B)
improves significantly the transient voltages. Case C in
Fig. 4 illustrates one possibility to allow additional paths
for current. This also reduces the length between the feed
point and the open end points of the conductors. Case D,
where the length of the electrodes is smaller than the criti-
cal length /¢ (1), removes transient voltage peak com-
pletely. However, better transient performance is achieved
at a cost of larger total length of conductors, 37.5 m in
Case C and 27 m in Case D compared to 22 m in Cases A
and B.

6. OPTIMIZATION OF GROUNDING GRID
DESIGN

Previous analysis of transient performance of grounding
grids [16] and [19] has revealed that the only two practical
ways of improving the transient performance is by placing
the current feed point away from the edge (see in Fig. 5),
and by reduction of conductor separation near the feed
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Fig. 7. Optimal conductor separation to minimize impedance
at 2-MHz (al dimensions and data are same asin
Fig.5).

point (seein Fig. 6).

Results presented in [16] and [17] show large differ-
ences of the voltages between points on the grid conductors
in the first few microseconds of the transient response.
High values of the voltages occur at grid conductors firstly
near the injecting point and are further spreading toward
the edge of the grid, while the values of the voltages are
decreasing. At the time when the maximum of the voltage
occurs, the voltage surges have propagated only over a
small area around the feed point, so called the effective
area. During this period there is no interaction with the
other parts of the power system. It is clear that minimiza-
tion of peak value of the voltage impulse at the feed point
will lead to accomplishment of the other goal: the minimi-
zation of the voltages between points at or near to the
earthing system.

Simple rules for improvement of the transient perform-
ance does not directly apply to complex arrangements such
as grounding grids, and the only way to optimize the de-
sign is by means of specialized software, such as [25].
Such optimization process should provide the extent of the
effective area and the conductor separation.

The first step is to determine the optimal conductor
separation. Figure 7 shows impedance at 2-MHz for differ-
ent values of conductor separation. As an optimal conduc-
tor separation that minimizes impedance 0.4-m may be
chosen.

The next step is to investigate the influence of the num-
ber of conductors added in the effective area. Figure 8
shows that the largest reduction of the impedance is
achieved with two added conductors at optimal separation,
while every next addition leads to smaller reduction of the
transient impedance.

Figure 9 shows the improvement of the high frequency
and transient performance of the analyzed grid by place-
ment of the current feed point at the center and additional
conductors with optimal separation near the feed point.

7. CONCLUSIONS

The efficiency of the protection against effects of light-
ning depends on the electric system earth termination. The
proper design of the earthing system should be aimed to
prevent any danger to the people and damage to the pro-
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tected installations. Such goal should be achieved if the
maximal voltages between points at the earthing system
and to the ground are kept below an acceptable limit, for
the anticipated worst case of lightning.

Generally to reduce transient voltages between points
on grounding conductors the lengths of the current paths
through the conductors between the feed point and the edge
of the grounding system should be minimized. More spe-
cifically, for simpler grounding electrode arrangements, the
following simple rules should be followed:

- smaller grounding electrodes with dominantly capaci-
tive behavior should be used;
if that is not possible and grounding electrodes with
dominantly inductive behavior have to be used, then
their lengths should be smaller than or as near as pos-
sible to the critical length for the chosen characteristic
impedance;
current feed point should be placed near the middle
point of the grounding system and never at its edge.

Practically the only two ways of improving the transient
performance of large meshed grounding systems is by
placing the current feed point away from the edge, and by
reduction of conductor separation near the feed point.

Recently developed user-friendly software enable an
optimization of the earthing system conductors arrange-
ment concerning the reduction of the transient voltages
during an interactive computer session by means of com-
puter graphics and animation.
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APPENDIX

SOFTWARE METHODSFOR OPTIMIZING
GROUNDING ELECTRODESARRANGEMENTS

The optimization of the design of the grounding system
to improve its high frequency and transient performance
may be completed by simulation during an interactive
computer session using the software package, such as [25].
The session may start with an analysis of the initial design
of the earthing system. User friendly graphical interface
enables definition of the arbitrary geometry of the earthing
system by simply drawing on the computer screen. Many
of the drawing tasks are automated, such as drawing grids
or rods at the edge of the grid. Other parameters are also
easily defined via pull-down menus. Potential distributions
or voltages between specified points that characterize high
frequency and transient behavior of the earthing system
may be observed on the computer screen in form of 2D
plots or 3D perspectives.

If an improvement of the high frequency or transient
behavior is required, the geometry of the earthing system
may be easily modified by drawing on the computer
screen. By this way, using this “cut-and-try” procedure,
one can easily try several modifications of the geometry of
the earthing system, while observing the results. Compari-
son of the corresponding potential and voltage distributions
may help in selection of the optimal earthing system ar-
rangement.

Description of available software packages may be
found in [29].



