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This paper deals with an advanced electromagnetic radiation approach for analyzing the
time-domain performance of grounding systems under pulse excitation currents. The model
of the grounding systems presented within this paper is based on the homogeneous
Pocklington integro-differential equation for the calculation of the current distribution on
the grounding system and Lorentz gauge condition which is used for the grounding system
transient voltage calculation. For the solution of the Pocklington integro-differential equa-
tion, the indirect boundary element method and marching on-in time method are used. Fur-
thermore, the solution technique for the calculation of the grounding system transient volt-
age is presented. The numerical model for the calculation of the grounding system transients
was verified by comparing it with onsite measurement results.
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INTRODUCTION

The purpose of the grounding system is to ensure
working characteristics of the power system under
normal operating conditions as well as to ensure the
safety of personnel and power system equipment un-
der fault conditions such as short circuits and lightning
discharges [1]. The performance of the grounding sys-
tem under low frequency current excitation is well
covered in international standards [2]. On the other
hand, the performance of the grounding system under
transient currents such as lightning discharge currents
is poorly covered by international standards [3]. Re-
searchers have extensively analyzed the grounding
system pulse characteristics trough the complex ex-
perimental as well as computational investigations.
Excitation of the grounding system by transient cur-
rents is an important parameter for the analysis of the
electromagnetic compatibility (EMC) studies as well
as lightning protection (LP) efficiency study [4].
Grounding system impulse characteristics depend on
many influencing factors such as grounding system
parameters, surrounding soil characteristics and exci-
tation current shape and magnitude [5]. Therefore, the
analysis and modeling of the grounding system under
pulse current excitation represent a challenging task.
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To date, numerous models have been developed
for the grounding system impulse characteristic calcula-
tions. These models can be classified as circuit theory
models, transmission line models and full-wave models
i. e. models based on antenna theory [6, 7]. Antenna the-
ory model of grounding system considers both processes
of wave propagation along the grounding system as well
as electromagnetic field radiation [8] in surrounding soil.
Therefore, grounding system models based on antenna
theory are considered as most rigorous but mathemati-
cally and computationally most demanding. According
to the antenna theory approach, current distribution on
the grounding system conductors can be calculated by
solving the Pocklington integro-differential equation.
The solution to the grounding system's current distribu-
tion can be achieved by using analytical or numerical
methods. For the grounding system, antenna theory
model analytical solution exists for simple geometries
such as buried horizontal wire [9, 10]. In most cases, real
grounding systems are composed of multiple intercon-
nected horizontal and/or vertical unisolated wires that
way forming the complex geometries grounding systems
such as grounding mesh with vertical rods used for high
voltage substations, or multiple interconnected rectangu-
lar contours used for the distribution network substations
or ring-type contour used for the wind turbines, etc.
Therefore it is suitable to use the numerical methods
since unlike analytical methods, numerical methods are
geometrically independent.
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The solution of the transient current and voltage
distribution along the grounding system can be ob-
tained in frequency or time domain. The fre-
quency-domain approach of grounding system im-
pulse characteristics calculation by antenna theory
approach is mostly used in the literature [11, 12]. By
using this approach, inverse fast Fourier transforma-
tion (IFFT) must be applied to the obtained results in
order to obtain calculation results in time-domain [12,
13]. On the other hand, a direct time-domain approach
of grounding system impulse characteristic modeling
provide better physical insight and easier implementa-
tion of nonlinear phenomenon such as soil ionization
phenomenon [9, 14]. Time-domain modeling has
some disadvantages in comparison to the frequency
domain modeling such as the existence of the numeri-
cal oscillations due to the existence of a derivative op-
erator within the Pocklington integro-differential
equation [ 15] and high computational cost due to exis-
tence of the convolution integrals in the calculation
model [16].

MATHEMATICAL MODEL

The mathematical model given within this paper
is composed of two stages. The first stage is a solution
of the Pocklington integro-differential equation with
the purpose to calculate the current distribution on the
grounding system conductors. The second stage is a
solution of the integro-differential equation derived
from the Lorentz gauge to calculate transient voltage
on the grounding system. The solution of the second
stage is based on the results obtained in the first stagei.
e. on the solution of the current distribution on ground-
ing system conductors.

The following assumptions and approximations
have been used in the presented model:

— Thin wire approximation can be applied on the
grounding system conductors.

— Soil can be treated as half-infinite lossy media.

—  Soil—airboundary can be considered by the modi-
fied image theory reflection coefficient.

— The internal impedance of the grounding system
conductor can be neglected. and

— Soil ionization phenomenon is not taken into ac-
count.

The first approximation is valid in most practical
cases as the length of the grounding system conductor
is much higher than the conductor’s diameter. By ap-
plying thin wire approximation, integral order in the
model is reduced from surface integral to line integral.
This further reduces both the complexity and compu-
tational time of the mathematical model.

Grounding systems are in most practical cases
buried on depth on which influence of the boundary
air-soil cannot be neglected. Therefore, surrounding
soil must be treated as half-infinite lossy media. The

influence of the boundary soil-air can be considered
by Somerfield's integrals [17, 18] or by reflection co-
efficients [19]. Somerfield's integrals approach is con-
sidered more rigorous but it is mathematically more
complex and computationally more time-consuming
in comparison to the reflection coefficient approach.
Furthermore, Somerfield's integrals do not have
closed-form expression in time domain meaning that
their use would require calculations in the frequency
domain and the application of IFFT. On the other hand,
the modified image theory reflection coefficient does
have a closed-form expression in time-domain [9] and
has the simple mathematical formulation.

Even though internal impedance of the ground-
ing system conductor has an impact on the calculation
results in most practical cases the surrounding soil has
significantly higher resistivity compared to the
grounding system material allowing to neglect the in-
fluence of the internal impedance. By neglecting the
influence of the grounding conductor internal imped-
ance, the Pocklington integro-differential equation
has homogenous form. This further reduces the mathe-
matical complexity of the model and computational
time.

Generally, the electromagnetic field in surround-
ing soil is a non-ionization radiation field when the
grounding system is excited by lower magnitude cur-
rents. The ionization process occurs when an electric
field caused by pulse currents flow through grounding
system conductors is higher than soil breakdown elec-
tric field strength [20]. Considering that in this paper
low magnitude transient currents have been analyzed,
this phenomenon is neglected.

Transient current distribution
calculation model

Pocklington integro-differential equation can be
derived from Maxwell’s equations. This procedure
can be found elsewhere [21]. Within this paper, the
Pocklington integro-differential equation is derived
under the assumption that the excitation electric field
along grounding system conductors does not exist
[22]. Taking into account previously listed approxima-
tion, transient current distribution on the grounding
system conductors can be calculated from the follow-
ing homogenous Pocklington integro-differential eq.
[21]
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Figure 1. Grounding wire buried in lossy half infinite
media

where R is the distance between source point 7’ and ob-
servation point 7, R* — the distance between the image
of the source point " and observation pointr, fig. 1, &
—the soil electric conductivity, € — the soil permittivity
u — the soil permeability, ¢ — the wave propagation
speed in the soil, / (7, -R/c) is unknown current distri-
bution, and g (r, 7, ) is Green function for lossy media
defined by

e R
) =——68| t—t'—— 2
g(rr,t) IR ( j 2

C

1R
c

where ¢ is Dirac delta function and 7, — the time con-
stant of the media defined by

T, =— 3)

The impact of the boundary soil-air in this paper
is treated by using a modified image theory reflection
coefficient. The used reflection coefficient is defined
by the following equation [9, 21, 22]

Fref (T) =

e, _15 " o (1_8,. —ljes[,(gpn) @)

T
g, +1 gole, +H g, +1

where e, is the relative dielectric permittivity of the soil
and g, — the dielectric permittivity of free space.

By solving eq. (1) the transient current induced
on the buried wire can be calculated. To obtain a
unique solution, adequate initial and boundary condi-
tions must be applied. As stated earlier, the boundary
between soil and air has been treated by the modified
image theory reflection coefficient. On current in-
jected point, following boundary condition is intro-
duced [21]

1], 1) =1, (1) (&)

where #;is the current injection point on the grounding
system and /, — the current injected in the grounding
system.

Transient potential distribution
calculation model

In order to calculate the scalar electric potential
on the surface of the buried grounding wire caused by
the flow of the transient current, the Lorenz gauge con-
dition can be used. Lorenz gauge condition is defined
by [23]

9 Aty + us 2 g(r 1)+ uop(n)=0  (6)
or ot

where ¢(r, £) is scalar electric potential and A (r,t)isa
magnetic vector potential which is for analyzed case
defined by [21]
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By combining egs. (6) and (7) the potential ho-
mogenous integro-differential equation can be ob-

tained
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Using Green's symmetric property the potential

integro-differential equation takes the following form
(23]
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By solving eq. (9) transient potential on the
grounding wires in the time domain can be obtained.

SOLUTION TECHNIQUE

In the previous section, integro-differential
equations for the transient current and potential distri-
bution are derived. In this section of the paper solution
techniques of the eqgs. (1) and (9) are presented. Tran-
sient current distribution and transient potential distri-
bution are calculated separately. The solution of eq.
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(9) is based on the solutions obtained by solving eq.

().

Solution technique for
transient current distribution

By solving homogeneous Pocklington integro-dif-
ferential, eq. (1), transient current distribution along the
grounding system conductor can be calculated. Within
this paper, the marching-on-in time (MOT) numerical
solution technique is used for calculation of the transient
current distribution calculation. The first step in this pro-
cedure is space-time discretization. The space-time
discretization is conducted according to Cou-
rant-Friedrichs-Lewy condition

cAt
—=1 10
A (10)
where At is a time step size and A/ is a space element

length.

To solve eq. (1), after space-time discretization,
it is necessary to approximate the current for each seg-
ment, by the following series

R Ns Nt R
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where /;; are unknown coefficients, N(r") — the space
shape function, and 7Tz —(R/c)—jAt] — the time
shape function. In this paper, linear basis function has
been used for space shape functions and quadratic
Lagrange functions for time shape functions.

Finally, by applying Galerkin-Bubnov proce-
dure in space and point-marching procedure in time
i. e. by choosing shape function as weight function for
space and Dirac delta function as weight function in a
time domain and integrating equations over both space
and time [24], following differential matrix equation is
obtained

G 0 (i :
[M]ﬁ {(t )}+[C]5 () +[KIU (")} =10y (12)

where {I(¢")} is vector matrix of unknown coefficients
1;;and [M], [C], and [K] are square coefticient matrix
whose elements are calculated by the following equa-
tions
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where D is a space derivative of the shape function, 7—
the matrix transpose operator and n — the time step se-
quence number.

Space part of integral eqs. (13)-(15) is solved by
using Gauss-Legendre quadrature formulas and time
parts are solved by applying Trapezoidal rule for each
time step.

Finally, by applying the MOT procedure on dif-
ferential matrix, eq. (12), takes the following form
[25]
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Parameters y = 1/2 and 8 = 1/4 are selected. By
solving matrix, eq. (16), the solution of the current dis-
tribution along grounding system conductors is
achieved.

Solution technique for the
transient potential equation

After the induced transient current is calculated
for all analyzed time steps, the transient potential on
the grounding wire conductor can be calculated by us-
ing eq. (9). By assuming that the scalar electric poten-
tial at remote soil is equal to zero, the scalar electric
potential of grounding wire can be treated as transient
grounding voltage. By applying Galerkin-Bubnov
procedure in space and point-marching procedure in
time on the eq. (9), following matrix equation can be

written
[AJ{(2")}=[BJ(#")}+

(17
HEHp(t')}+[Flig(r")} = {0}

where matrix [A], [B], [E], and [F] are square coeffi-
cient matrices, {/(¢")} — the vector matrix of coeffi-
cients /;; calculated in previous stage, and {¢(¢")} —the
vector matrix of unknown scalar electric potential co-
efficients ;.

After some mathematical manipulation matrix,
eq. (17), takes the following form

fo(1)} = ((E]+[FD) ' ([BI-[ADH(¢')}  (18)

Elements of the coefficient matrix are calculated
by the following egs.

dTr ..
Ei,j — “g{N}{N}T{w}a 1=j (19)
0 i#]j
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If the same space-time discretization scheme is
used, transient current and scalar electric potential dis-
tribution can be sequentially calculated at each time
step.

CASE STUDY

In order to verify the previously presented math-
ematical model an experimental investigation on the
spatially prepared vertical grounding electrode, fig.
2(a), has been conducted. The measurements have
been conducted according to the electrical scheme
given in fig. 2(b).

The vertical grounding electrode has been ex-
cited by four-stage 300 kV impulse generators. Tran-
sient current and voltage waveforms have been mea-
sured by a low-resistive shunt resistor and resistive
voltage divider, respectively. The waveform of the
current voltage has been registered by two digital stor-
age oscilloscopes. The detailed specification of the
used measuring equipment can be found in the litera-
ture [26, 27] as the same measuring equipment has
been used for the experimental investigation.

Three experiments on vertical grounding elec-
trode were performed with different transient current
peak value and different front rise time. On all regis-
tered current and voltage waveforms, high frequency
interferences were noted. Measured parameters' un-
certainty can be caused by different low and high fre-
quency interference sources [28-30]. It was assumed
that the proximity between measuring equipment and
impulse generator was the cause of the high-frequency
interferences [26, 27]. To set-up an adequate injection
current model and calculate the grounding system
transient characteristics, it is necessary to remove

Connecting

350 2 . ; . - - - -
— 1 Measured current wave

300 - 2Filtered current wave

250

Current [A]

200
150

- I - i 1

0 5 10 15 20 25 30 35 40 45 50
Time [ps]

Figure 3. Comparison of the measured current
waveform and filtered current waveform

these unwonted high frequency oscillations i. e. to fil-
ter the signals. Within this paper, for the removal of the
high frequency oscillations discrete wavelet transfor-
mation (DWT) has been used, as suggested in [27]. In
fig. 3 the comparison between measured and filtered
current waveform is given.

In order to model the transient characteristics of
the grounding system by the presented mathematical
model, it is necessary to represent the injected current
by appropriate mathematical function in the time do-
main. Within this paper the injected current has been
modeled by two exponential terms as given by

i(t)=Iye™ —Ie ™ (23)

where Iy, Ip, @, and B are model parameters and ¢ — the
time. For each analyzed case, filtered current data points
have been used to evaluate the parameters of the injected
current model. For the evaluation of the unknown current
model parameters, the Levenberg-Marquardt non-linear
regression has been used. The evaluated injected current
parameters for all three cases are given in tab. 1.

In fig. 4 the comparison of the filtered current
waveform and modeled current waveforms for all
three analyzed cases are given.

Modeled injected currents have been further
used to calculate the transient voltage at the injection

Table 1. Parameters of the injected current model

Case Ioy o loz B

1% case 428,4514 0.1989 1415,2060| 2.1262
2™ case 322,9921 0.1562 |315,0524| 2.4846
3" case 184,4458 0.1017 |175,7460| 2.6569

leads Rs Ry Ry
Impulse
Air generator
Osc Osc
Soil Figure 2. Tested vertical
grounding electrode (a)
Alf geometry, (b) the
136 cm 7z SEAA ST ILISS 17 | LIS 7 /) electrical scheme of
Grounding Testad Reference M Soi measuring circuit [26]
of impulse grounding grounding
generator

(a) Ois.s cm

(b)
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— 2" case — fitted current wave
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Figure 4. Waveforms of the filtered current and modeled
current waveform

Table 2. Parameters of the injected current model

| 4" case — filtered voltage wave

1 i
40/ 2 H T T 1 eweee 2% case - filtered voltage wave
\ 3 i | p— 6" case —filtered voltage wave
LY 4 | = 1% case - calculated voltage wave

1" e 3™ case - calculated voltage wave
5" case - calculated voltage wave

Voltage [KV]
w
=]

i
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Time [us]

Figure 5. Comparison between measured (and filtered)
and calculate voltage waveforms at the injection point

Case Upeak [KV] Tpeax [A] Z[Q]
Measured Calculated Measured Calculated Measured Calculated
1™ case 39.55 41.11 314.18 305.11 125.60 135.83
2" case 32.04 34.23 252.70 251.83 126.79 13591
3" case 19.91 21.38 154.19 156.01 129.13 136.97

point of the grounding system by the previously pre-
sented mathematical model. Soil resistivity was mea-
sured by Wenner four-probe method and it was estab-
lished that mean soil resistivity is 274.85 Qm.

A comparison between measured (and filtered)
results and calculated results is given in fig. 5. A good
argument between measured and calculated voltage
waveforms.

In tab. 2 peak values of the transient current,
voltage, and impedance, based on measured and cal-
culated value are given. As can be noted from the
given results, the mathematical model presented
within this paper gives satisfactory results.

CONCLUSIONS

This paper presents the advanced mathematical
model for the calculation of the grounding system char-
acteristics under pulse current excitation. Transient cur-
rent distribution on the grounding system is based on
the integro-differential equations of the Pocklington
type. Due to the high complexity of the presented math-
ematical model, the solution is achieved by using the
combination of the numerical procedures. The indirect
boundary element method has been used for the solu-
tion of the space integral part of the equation, the trape-
zoidal rule has been used for the solution of the time in-
tegral part of the equation. The derivative part of the
equation has been solved by using the MOT procedure.
Grounding system transient voltage has been calculated
based on a transient current distribution calculation re-
sults and Lorentz gauge condition. For the calculation
of the grounding system transient voltage Galerkin -
Bubnov procedure in space and point-marching proce-
dure in time was used.

Finally, the presented mathematical model has
been validated by comparing the calculation results
with the experimental results conducted on a spatially
prepared vertical grounding electrode.
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Hepuc J. JAYTBAIINh, Agnan 3. MYJESNHOBUh

PEITABAIE EJEKTPOMATHETHOI' MOJIEIA 3PAYEIA Y3EM/BUBAYKOI
CUCTEMA INIOBYBLEHOT UMITYJICHOM CTPYJOM Y BPEMEHCKOM JOMEHY

Y pany je onucaH HalpejHU IPUCTYII 3a aHANKU3Y Nep(OpPMaHCH Y3eMIbUBAUKHUX CUCTEMA NPU
UMITYJICHUM TOOYAHUM CTpyjaMa. Mofes y3eM/bUBAaUKOr CCTeMa IPEe3eHTHPAH YHyTap pajia je 6a3upan Ha
xoMoreHo] IToKJIMHITOHOBO] UHTErpo-fuepeHLjaIHo] jef[HAUMHN 3a IPOpPauyH paclofiesie CTpyje U
JlopeH[0BOM 6akIapHOM YCIIOBY KOjH je KOpHITheH 3a IpOpavyyH TPaH3MjeHTHOT HAIlOHA Y3eMJbIBAYKOT
cucrema. 3a pemaBamwe [IOKIMHITOHOBE UHTETpo-fupepeHnujanHe jeflHauYNHe KopultheHa je UHAU-
pEeKTHa METOfja TPAaHUYHUX eJIeMeHaTa I MeToAa MapIupama y BpeMerny. Hafasbe, TeXHIKa 32 IpOpadyH
TPaH3UjeHTHOI HAallOHa Y3eMJbUBAUYKOI cucTeMa je npes3eHTupaHa. Hymepuuka meropa 3a mpopadyH
TpaH3MjeHTHUX KapaKTepHCTHKa y3eMJbUBAYKUX CHCTeMa je BepupuKoBaHa opehemeM ca TepeHCKIM
Mepemnma.

Kwyune peuu: ysemmusauku cuciiem, lpaH3ujeHIUHa ciupyja, ilpaH3ujeHiuiHU HAiloH,
Hoxaunziionosa unitiezpo-oughepenyujanra jeonaquna, Jlopenyoe baxoapru ycaos




