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Abstract Numerical methods are based on segmenting the domain of calculations. In this paper the influence of
wire segmentation on the precision of calculations of approximate numerical models for analysis of grounding systems
is investigated. It is well known that increasing the number of segments leads to increased precision in the calculations.
However, the maximum number of segments is limited by the conditions from the thin wire approximation that is
implemented by these methods. As a result convergence of the numerical technique may not always be reached. In this
paper convergence of the relative error obtained by each numerical method as a function of relative segment length is
parametrically investigated.
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BJIMJAHUE HA CETMEHTAIIMJATA BP3 INTPEIIN3HOCTA HA METOJIMTE
BA3BUPAHU HA EJIEKTPUYHMU KOJIA

A1 cTp ak 1: Hymepuukute Metoau ce 6a3upaar Ha cerMeHTalHja Ha JOMEHOT BO KOj ce BpIIAT npecMeTkure. Bo
0BOj TPYZ € UCIHTaHO BIMjaHUETO Ha CerMEHTallMjaTa Ha CIPOBOJHHUINTE BP3 MPEIM3HOCTA Ha allPpOKCHMAaTHBHUTE
HYMEPHYKH METOJM 3a aHalM3a Ha 3a3eMjyBaukyl cucTeMH. [103HaTO e Jeka 3roieMyBambeTo Ha OpPOjoT Ha CerMEHTH
JIOBEIyBa JI0 3roJeMeHa IPEI3HOCT Ha mpecMeTknTe. Ho MakcHMaHHOT Opoj Ha CETMEHTH € OTPaHIYEH O] yCIOBUTE
Ha alpoKCHMaIlHjaTa Ha TeHKa JKUIIA KOja € NMIUIEMEHTHPaHa BO OBHe MeToH. [lopaay Toa orpaHudyBame, BO HEKOH
ClTyqan MOXE€ J]a He ce IOCTHUTHEe KOHBEpreHIMja Ha HyMepHdKaTa TeXHHKa IITO € HpHMeHera. Bo oBoj Tpyn
MapaMeTPUCKH € aHaJTM3MpaHa KOHBEPIeHIMjaTa Ha pellaTHBHATA TPEIIKa Koja Cce MPaBH CO CEKOj O HyMEpHIKHTE
METOH BO (DYHKIIMja OJ pelaTUBHATA JOJDKMHA HA CETMEHTOT.

Koyunu 360poBu: cermMeHTanuja; HyMEpUIKH METO/H; KOHBEPreHIHja

INTRODUCTION

Numerical methods are based on segmenting
the domain of calculations. In the field of grounding
system analysis there is a plethora of widely used
exact and approximate numerical methods. The
most important approximate methods are based on
representing each segment of the conductor by an

equivalent circuit branch. Most circuit models
implement approximate solutions of the so called
Mixed Potential Integral Equation (MPIE), while
the rigorous Electromagnetic Model (EM) [1] yields
the most precise results by numerically solving the
MPIE with fewest approximations. The EM imple-
ments numerical solution of the MPIE by the Meth-
od of Moments (MoM) [2]. In the scientific public
it is recognized as a reference method in the field.
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CIRCUIT BASED MODELS

The most important approximate methods are
based on creating equivalent circuit branches to rep-
resent each segment of the conductor. The electrode
is divided in N fictitious segments whose length Al
has to be much larger that its radius a (Al > 10a is
usually adequate) in order to maintain the condi-
tions for the thin wire approximation.

A) Lumped circuit model

The basic principle of the lumped circuit (R-L-
C) model is to represent the conductor as a whole by
a circuit derived from its input impedance. Accord-
ing to [3] the high-frequency model for the impe-
dance is an inductor L in a series with a parallel
combination of a capacitor C and a resistor R. At
low frequencies this model reduces to the static
grounding resistance of the conductor R. The para-
meters describe the conductor as a single segment
and therefore do not include the inductive, capaciti-
ve or conductive coupling between different parts of
the conductor.

The values of the circuit elements for a vertical
grounding rod with radius a and length A (A>>a),
from [4].

4A

R, =52 Tlog == -11 (9,

D)

L = [Iog —l] (H),

where p is the specific resistivity of earth. The val-
ues of the circuit elements [3, 5] in the case of a
horizontal grounding electrode buried in homogene-
ous earth at depth d (A>>a, A>>d) are:

P Hog 2N
Anm¢5alian

2)
L, = [log —1] (H).
The value of the capacitor is calculated by
Con =25 (F). €)

Rv,h

An evolved (and widely used [6 — 8]) version
of the R-L-C model is presented in Figure 1. Basi-
cally, it is a discrete approximation of a trans-

mission line (TL) with parameters per length ob-
tained from (1) — (3).
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Fig. 1. R-L-C circuit representation of a segmented conductor

The elements of the discrete R-L-C section that
represents each segment are defined by [3, 7]:

R'N C'A L'A
R="r, C =—2, ==, 4
T CemE Lesml (@)

The primary TL parameters per length in (4)
are obtained using (1) — (3), as in

1
C;’v,h

C',,=C,, /A (F/m), (5)

L, =L, /A (H/m).

[
Rv,h_

= Rv,hA (Qm),

B) Circuit based models that include
electromagnetic coupling

1. Circuit based method — CBM

One of the most significant circuit based meth-
ods — CBM, was introduced in 1998 [9]. It is freg-
uently used for analysis of grounding systems [10],
[11], [12], [13] and [14]. Electromagnetic influence
between segments is taken into account, but propa-
gation effects on the EM fields are not considered in
CBM.

The longitudinal impedance of each segment
of a perfectly conducting wire is of inductive char-
acter expressed in CBM as

Lo = [ -G, Lsm)dl, (6)

where Aly, is the length of the m-th segment, t, and
t» are unit vectors parallel to the observed- and
source segment, respectively.
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The transversal impedances of each segment,
Z'nn are derived via the influence of the leakage
current exiting segment n, on segment m,

1

Z- :i.
™ jo AlLAI

[Ltwd Lmd, ()

where Al, is the length of the n-th (source) segment,
The elements defined by (6) and (7) constitute an
equivalent circuit branch that represents each
segment of the conductor. The resulting circuit is
solved via conventional nodal analysis to obtain the
potentials of the nodes.

The form of w4 and yv in (6) and (7) equals

Ly '
Y4 (ln1' lnz; m) = flnlz GA(n: m)dl ,

o ®
In
Yy (Inys lnsm) = [, Gy (n,m)dl,

where G4 and Gy are magnetic vector potential and
electric scalar potential Green’s functions for an un-
bounded medium:

GA(F, 7_3) _ @exp(—jk1|F—F'|)

am |7#=7 ’

(9)

' 1 exp(—jkq|7-7"
GV(F,T_”)) — p(=jk4l )

4me |7=7| !

where ¢ = & — jo/ is the complex permittivity of the
medium and o =1/p.

The way to solving integrals in (6) and (7)
within CBM is limited by the quasi-stationary ap-
proximation, i.e. only the first element of the
Maclaurin series of Gay is taken into account. All
remaining elements of (9) are neglected, yielding

22N — Ho
C(T) = o
10)
> > 1 (
n —
Gy(r, 7)) = prpa

Substituting (10) in (6) and (7) yields the same
type of double integrals that have analytical solution
for the usually implemented combinations of
grounding conductors.
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Traditional and modified image methods [15,
16] are implemented with CBM to take into account
the influence of earth/air interface on the form of
Green’s functions.

2. Hybrid electromagnetic model — HEM

The hybrid electromagnetic model [17] is a
dual approach in analysis of grounding systems — it
combines numerical electromagnetic calculations
with electric circuit theory. The hybrid electromag-
netic model (HEM) is frequently used for analysis
of grounding systems due to its precision [12-14]
and [17-22].

Within HEM, the longitudinal and transversal
impedances of an arbitrary segment m are defined
by (6) and (7), respectively.

Unlike the quasi-static forms in CBM, the
Green’s functions in the above mentioned expres-
sions maintain the full-wave form. In this paper the
following technique from [23] is implemented to
approximate (8):

Exp (= jkitinn) fy, Sy, dldls (11)

7=

where rm is the distance between middle points of
the source and segment of interest.

Up-to-date, authors have implemented the
HEM method using the traditional and modified im-
age methods [15, 16], as well as complex images
[22], to take into account the presence of earth/air
interface.

RESULTS

In this section, convergence of numerical cal-
culations as a function of relative segment length is
parametrically investigated. The segment length ra-
tio—S.L.R, is calculated as a ratio of segment length
vs. the length of the whole conductor. Thus, S.L.R.
is inversely proportional to the number of segments,
N:

s.L.R.=1oo.AX'(%). =1/N)  (12)

The horizontal grounding electrode, as one of
the most frequently used types of grounding electri-
cal systems is analyzed, presented in Figure 2.
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Fig. 2. Geometry of the analyzed case

The relative error in the impedance magnitude
for the horizontal conductor is calculated by

_|Z|_|ZREF|

A= 1100 (%), (13)

REF
2

where Z is the magnitude of the impedance to
ground calculated by implementation of HEM,
CBM and the discrete R-L-C model, and ZR is cal-
culated by the rigorous EM method.

Tables 1, 2 and 3 present the value of S.L.R. at
which the error converges in the calculations for a
horizontal grounding conductor with length 4, 10
and 40 m, respectively, for several values of p and f.

It is visible from Tables 1, 2 and 3 that, in gen-
eral, for high frequencies lower number of segments
is sufficient to reach convergence in the calcula-
tions.

Table 1

4 m long conductor

Convergence value of S. L. R. (%)
p=500m p=1000Om  p =500 QOm

Fre(qﬁze)“cy CBM HEM CBM HEM CBM HEM

108 12 12 13 13 11 11
108 25 25 35 35 10 10
5.10° 17 17 35 35 9 8

Table 2

10 m long conductor

Convergence value of S. L. R. (%)
p=500m p=1000Om  p=500Qm

Fre(q#f)“cy CBM HEM CBM HEM CBM HEM

108 6 6 7 7 5 5
108 11 8 17 10 35 35
5.10° 25 10 35 15 6 10

Table 3
40 m long conductor

Convergence value of S. L. R. (%)
p=50Q0m p=1000Qm  p =500 Qm

Fre(qﬁs)”cy CBM HEM CBM HEM CBM HEM

103 5 11 4 10 3 5
108 9 5 30 6 7 10
5-108 9 5 17 6 17 12

Figures 3, 4 and 5 show the relative error in the
magnitude of the impedance to ground for earth
with specific resistivity: p =50 Qm, p = 100 Qm and
p = 500 Qm, respectively, as a function of S.L.R.
(segment length ratio). The error is calculated by
implementation of HEM, CBM, and the discrete R-
L-C method on a) 4 m, b) 10 m and ¢) 40 m long
horizontal grounding conductor, controlled by re-
sults obtained using the rigorous EM method [1].
The analyzed frequency in the presented cases is 1
kHz. The relative error in the impedance magnitude
at a frequency of 1 MHz (which is considered high
in the analysis of grounding conductors) obtained as
a function of S.L.R. is presented in Figures 6, 7 and
8, for earth with specific resistivity: p = 50 Qm,
p =100 Qm and p = 500 Qm, respectively. The rel-
ative error in the impedance magnitude at a
frequency of 5 MHz (which is considered very high
in the analysis of grounding conductors) obtained as
a function of S.L.R. is presented in Figures 9, 10 and
11, for specific resistivity of earth: p = 50 Qm, p
=100 Qm and p = 500 Qm, respectively.

DISCUSSION

It is evident from Figures 3, 4 and 5 that for
low frequencies (1 kHz) the segmented R-L-C
model converges at large values of S.L.R. (small
number of segments). At higher frequencies (1 MHz
and 5 MHz, presented on Figures 6-11) this model
yields extremely high relative error and does not
converge for a sensible value of S.L.R. Because of
this fact, it is not included in Tables 1, 2 and 3.

Regarding methods CBM and HEM, the rela-
tive error in the impedance magnitude at low freg-
uency (1 kHz) converges at S.L.R. ~ < 10 (Figures
3, 4 and 5). In this case larger number of segments
is required to reach convergence in the calculations.

It may be observed that at high frequencies
(Figures 6-11) the convergence value of S.L.R. de-
pends strongly on the value of p for each investi-
gated method.
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Fig. 3. Relative error in the impedance magnitude
at 1 kHz, p =50 Qm
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