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SUMMARY

This work relates with the frequency domain module XGSA_FD of the XGSLab® simulation
environment [12], [13] which allow many applications of practical interests and in particular
the analysis of electromagnetic interference between above and underground power systems
and aerial or buried pipelines in a very realistic way.

The XGSLab® solver is based on Maxwell equations and Sommerfeld integrals and can be
applied for the solution of both aerial and underground conductors network taking into
account the earth effects in the frequency domain between from DC condition up to a few
MHz. Original algorithms have been developed for solving an hybrid method which takes into
account transmission line, circuit and electromagnetic theory combined into a single
integrated calculation model considering the effects of self impedance, resistive, capacitive
and inductive coupling, soil parameters frequency dependence and propagation effects.

In the first theoretical part, a synthetic description of the implemented method is given
together with its application limits and range.

The second part of the paper introduces the multi-zone soil model; a model, which is very
useful in case of large power systems (big power plants, big switchyards like AIS, GIS hybrid
technology till 1200 kV system). It is also observed that soil resistivity readings in the big
locations are also taken at multiple locations thus making it more close to the realistic
condition.

The third part of the paper describes separately the effects of conductive and inductive
interferences between power systems and pipelines.

The fourth part of the paper is devoted to the description of a specific study case, which was
reckoned the best way for assessing the capabilities of the proposed approach. The study case
is related to the electromagnetic interference between a power line under faulty conditions and
a buried pipeline, including the effects of a substation grounding system. The interference
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effects then include contemporary both conductive and inductive coupling effects. It is then
shown how it is possible to perform realistic simulations of increasingly frequent problems of
electromagnetic interference in even complex scenarios.

Finally, unlike classical finite elements methods, it is worth noticing that the hybrid approach
requires limited CPU power and RAM resources and even if they have room for
improvement, they are already adequate for most engineering applications.
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1-INTRODUCTION

The large improvement of power computing performances is contributing to the diffusion of
calculation programs for electromagnetic simulations taking into account realistic condition and in
particular the earth effects.

These programs have many engineering applications, as for instance:

- Grounding Systems

- Cathodic Protection Systems

- Electromagnetic Fields

- Electromagnetic Interferences

- Fault Currents Distribution

- Lighting Protection Systems

Each application has specific needs as for example concerns a different frequency range. As known,
with increasing frequency the possible approximations are less and less and the calculation model is
becoming increasingly complex. For instance, when frequency increases, mutual coupling, soil
parameters frequency dependence and propagation delay cannot be neglected.

One of the most promising and effective calculation model in the frequency range between DC to a
few MHz is the “Partial Element Equivalent Circuit (PEEC)” method that in the following for
historical reasons or for tradition in the grounding community we prefer to call “hybrid method”.
Calculation models for electromagnetic simulations including the earth effects may be based on
following different approaches: 1) Electromagnetic field theory; 2) Transmission line theory; 3)
Hybrid methods, 4) Circuit theory. This classification is not rigorous as indicated in [9], but is
generally adopted in the literature. For a comprehensive overview on these kind of computational
methods refer to [9].

Hybrid methods consider transmission line, circuit and electromagnetic field theory combined into a
single model, and are often preferred in the frequency range of interest. Hybrid methods are very
useful for engineering purposes because they are accurate and flexible, and can allow an easy way to
include additional external parameters such as electromotive forces, currents, and impedances [10].

In the following paper the calculation were performed by XGSA_FD® a module of the software
package XGSLab®. This program is based on an hybrid method and on the main assumptions listed in
Tab. 1.1.

Resistive Coupling Yes
Capacitive Coupling Yes
Self-Impedance Yes
Inductive Coupling Yes
Soil Parameters p, € = fl®)
Propagation Law gy

Tab 1.1. Aspects taken into account in the used program.



2-HYBRID METHOD

In the following, a short description of the hybrid method implemented in the used program is
provided.

The implemented method can solve conductors network in the 3D space and including sources
(conductors with current and voltages known), and victims (conductors with current and voltages
unknown). The conductors network is partitioned into small finite elements (current and charge cells),
and then, the electromagnetic field and transmission line theories are used to calculate the circuit
parameters, whereas circuit theory is employed to describe the relations among parameters such as
voltages and currents and the metallic connections among elements. All conductors of the system have
to be thin enough in order to be simulated with a suitable number of thin and straight elements.

The implemented method derives directly from the Maxwell equations. Using the scalar and vector
potentials, Maxwell equations [2] can be written as in the following (Helmholtz equations):
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where 7:\/jcou(6+ Joe) represents the propagation coefficient of the medium and ¢ and J

represent charge and current density distribution on the sources respectively.
Solution of (2.1) for sources with linear current and charge density distribution are given by the
following equations:
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Maxwell equations give the following well known relation between electric field and scalar and vector
potentials:

E=—gradV — jwA (2.3)
Taking into account that the electric field and vector potential on the surface of a conductor are

parallel to the conductor axis [4], only the magnitude of vectors in (2.3) need to be considered and
(2.3) written along the conductor axis gives:
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On the other hand, the tangential electric field on the surface of a conductor, taking into account their
self impedance, gives:

E=1z (2.5)

Combining (2.4) and (2.5), the following fundamental differential equation is obtained:

7l + ja)A+aa—\|/:0 (2.6)



Equation (2.6) is derived directly from the Maxwell equations and is then valid in all conditions (also
non stationary). In practical cases, (2.6) can be solved only in a numerical way. The conductors
network is then partitioned into a suitable number of short elements. Each element is oriented between
its start point (in) and its end point (out). Integrating (2.6) between the ends of an element, replacing
the vector and scalar potential with (2.2) and rearranging, the following linear equation is obtained:
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and where Z represents the self impedance of the element, M and W represent partial mutual

coupling and partial potential coefficients between elements respectively, and | and J represent
longitudinal and leakage currents respectively.

Writing a linear equation for each element, the Maxwell equation are then reduced to a linear system.
For the calculation of the linear system coefficients and then of the self and partial mutual coupling
and partial potential coefficients between elements, the formulas in [1], [3], [5] the shifting complex
images method (SCIM) [8] and the modified images method (MIM) [7] has been used respectively. If
these coefficients are calculated taking into account the propagation delay, the resulting model is a
full-wave hybrid method.

Each element is represented with a simplified T equivalent circuit as shown in Fig. 2.1 and introduces
the following unknowns:

- Input and Output currents lin and lout

- Leakage current J

- Potential V of the middle point
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Fig. 2.1. Equivalent circuit of each element
The resulting linear systems can be written as follows:
Vi=wia

B+ {E=—(z]+ M} (28)
i=[Afr}+{3.}



where:
- [w ] = matrix of self and mutual partial potential coefficient

[z ] = matrix of self-impedances

[M ] = matrix of partial mutual impedances

[A] = incidence matrix which expresses the elements connectivity
{v} = array of potentials

- {1} = array of currents

- {J} = array of leakage currents

- {E,} = array of voltage drops

- {E.} = array of forcing electromotive force

- {3.} = array of injected currents

The linear system (2.8), provides the distributions of currents, potentials and leakage currents along
the victims taking into account the influence of eventually sources. From these main results, it is
possible to calculate other important distributions as for instance:

- Earth surface potentials and then Touch and Step Voltages

- Electric Fields

- Magnetic Fields

The calculation model above described is suitable for the “frequency domain” but also in the “time
domain” by using the direct and inverse Fourier transform. As known a time domain transient s(t) can
be considered as a superposition of many single frequency signals as follows:

s(t) = isﬁnejz””ft (2.9)

where:
- §. = magnitude of the n'" harmonic

- f = base frequency

The g_ values can be calculated by using a direct Fourier transform. In practical cases the maximum

harmonics number in (2.9) is limited to a value N depending on the frequency spectrum of the input
transient. The above described frequency domain model can be used for each harmonic and, at the
end, N different output in the frequency domain will be obtained. The time domain output can be
obtained from these outputs by using the inverse Fourier transform.

This described process in general could be time consuming but it can be speeded up by limiting the
harmonics to a reduced number of critical frequencies.

3-SOIL MODELS

The soil electromagnetic properties include resistivity, permittivity and permeability.

The soil permeability can normally be regarded as equal to the vacuum permeability.

The soil resistivity and permittivity depend from moisture, temperature and chemical content, and are
also frequency dependant. There is no a generally accepted formulation to express the frequency
dependence of soil parameters but anyway, at power frequency (than at low frequency), soil
permittivity effects may be surely neglected and soil resistivity can be approximated with its DC
value.

XGSLab can consider the frequency dependence of soil parameters according to different models
(Messier, Visacro — Portela, Visacro — Alipio ...) but in the following, taking into account the



frequencies of interests, the soil parameters will be considered frequency independent and the low
frequency soil resistivity will be adopted.

The soil resistivity value is liable to great variations.

The ranges of variations of the soil resistivity are following:
- Exceptionally low values: from 1 up to 10 Qm

- Usual Values: from 10 up to 1000 Qm

- Exceptionally High Values: from 1000 up to 10000 Qm

As said, the soil resistivity depends on the environmental conditions and then it is not possible to
assign a single value for the resistivity of a soil material. For this reason the resistivity value must not
be obtained from literature or tables but must be measured. The only reliable data are those related to
the specific site.

The Wenner four-pin method is the most commonly used technique for soil resistivity measurements.
As known, for each site, resistivity measurements should be done using different probe distances in
order to investigate how resistivity change with depth, and in different places in order to investigate
how resistivity change in horizontal direction.

Then, resistivity measurements values have then be analysed and this operation can be not trivial.

In fact, in practical cases, the distribution of the soil resistivity measurements is often as represented in
Fig. 3.1.
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Fig. 3.1. Measured resistivities (black crbsses) and equivalent double Iayer model (blue and red lines)

Generally speaking, the soil model choice is difficult mainly for the following reasons:
- The resistivity of the upper layer changes with temperature, rain, pollution ...

- The resistivity of the deep layers changes mainly with the kind of soil

- In case of large sites, horizontal resistivity variations is unavoidable

- In case of large sites, the soil surface often cannot be considered flat

In practical cases, the following rules can be adopted:

- A uniform soil assumption is often unacceptable or acceptable only for preliminary evaluations

- In case of small and medium systems, a double layer soil model represents an acceptable
approximation in most cases (this is because touch and step voltages depend mainly on the upper
layer resistivity and the resistance to earth depends on the bottom layer resistivity and using a double
layer soil model both conditions can be fit)

- In case of small systems, a more sophisticated soil model (for instance a multilayer soil model) could
be useful but only if the horizontal resistivity variations are negligible

- In case of large systems, experience shows the horizontal resistivity variations are unavoidable (and
in some cases it is also difficult to assume the flat surface of the soil). The use of a multilayer soil
model can improve the soil model only in some specific points but not in general. In these cases, the
use of a multizone soil model represents often the preferable solution

- All models provide a good approximation only close to the measurement places



With the multizone soil model the soil can be assumed divided in more zones as in Fig. 3.2. Each zone
can be represented with a uniform soil model. A more refined soil model for each single zone is
impracticable and anyway, also with a uniform soil model the solution is rigorous with two zones
while, with more zones can be found only in an approximate way and under certain conditions. In
particular, conductors should be not close to the intersection between three or more zones. Bare
elements in the orange areas in Fig. 3.1 must be avoided (the radius of the orange areas is a few dozen
meters).

Taking into account the limitations of the soil models, it is easy to understand the reason why the use
of a more sophisticated electric model of the conductors network, for instance a model which takes
into account self and mutual impedances effects, is preferable to attempt to improve the soil model. In
fact, the circuit parameters can be known better than the soil resistivity value.

v

Fig. 3.2. Multizone Soil Model
4 - ELECTROMAGNETIC INTERFERENCES

Metal pipelines, for part of their length, may be exposed to several types of influences of near high
voltage substations or power lines. These influences can result of three types of couplings:

- Capacitive

- Inductive

- Conductive

Capacitive coupling occurs only for aerial pipelines close to high voltage aerial power lines and in the
following will be neglected (anyway XGSLab may consider also this condition).

The electromagnetic interferences among substations or power lines and buried pipeline are due
mainly to the conductive and inductive coupling respectively and can give hazardous situation for
people or damage to the pipeline or to the connected equipment.

Conductive effects occurs only in case of fault to earth conditions and cause a potential rise of the
pipeline and of the neighbouring soil with regard to the remote earth. As known, the conductive effects
grow with the current to earth and with the soil resistivity and decrease with the distance between
substations and pipeline.

Inductive effects occurs in both steady state and fault conditions ad cause an electromotive force along
the pipeline and, as consequence, also longitudinal currents, leakage currents and potentials
distributions. The inductive effects grow with the power line current, with the parallelism length, with
the soil resistivity and decrease with the distance between power line and pipeline.

Smaller inductive effects appear under steady state conditions while significant induced voltages
appear under faulty conditions and in particular under single phase to earth fault condition. On the
other hand, permissible induced voltages established by the standards are different for steady state and
fault conditions. For these reasons, the electromagnetic interferences between power line and pipeline
have to be evaluated in both steady state and faulty conditions.



The conductive effects among a substation grounding system and an insulated and infinite length
pipeline are represented in a qualitative way in Fig. 4.1, 4.2, 4.3 and 4.4. The grid size is 100 x 100 m
with meshes 10 x 10 m and depth 1 m and the pipeline is as described in 5. The distance between
pipeline and grid is 10 m. The current injected in the earth is 10 kA 50 Hz and the soil model is
uniform with resistivity 100 Qm and relative permittivity 10. The potential rise along the pipeline is
highest in the point closest to the substation and then decrease. The longitudinal and leakage currents
along the pipeline show that the pipeline picks up current from the ground near the substation and
return it to the remote earth.

The inductive effects among an high voltage aerial pipeline and an insulated and infinite length
pipeline are represented in a qualitative way in Fig. 4.5, 4.6, 4.7 and 4.8. The parallelism between
power line and pipeline is 100 m and the pipeline is as described in 5. The horizontal and vertical
distance between pipeline and grid is 10 m and 2 m respectively. The current along the power line is
10 kA 50 Hz and the soil model is uniform with resistivity 100 Qm and relative permittivity 10. The
induced electromotive force along the pipeline is due to the part of the power line parallel to the
pipeline (the two parts orthogonal do not give contributions). Potential and current distributions are a
consequence of the induced electromotive force and in case of well insulated pipeline may remain for
long pipeline spans.
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Fig. 4.5. Layout of power lines (blue) and pipeline (green) Fig. 4.6. Electromotive force distribution along 10 km of

pipeline (blue = Mod, green = Re, red = Im)
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The effects of the electromagnetic interferences can be calculated with formulas only with simplified

layout and uniform or horizontally layered soil model. In cases of practical interests (complex layout,

networks of power systems or pipelines, non-uniform soil model ...), these effects can be calculated

only with a specific software.

The difficulty grows if moreover both conductive and inductive effects occur contemporary.
This conditions will be considered in the following case study.

5-CASE STUDY

As example, the electromagnetic interferences between a distribution substation 400/220 kV, two
overhead power lines 400 kV, two overhead power lines 220 kV and an underground pipeline network
are evaluated.

The layout of the system of conductors is shown in Figure 5.1 and Figure 5.2.

In order to consider a more realistic case, a contemporary conductive and inductive interference is
considered. The main goal is to calculate the induced electromotive force (EMF), currents and
voltages along the pipeline in case of a single phase to earth fault at the substation.

The interference zone is quite large and for this reason a multizone soil model with the following soil
resistivity and relative permittivity has been considered (see soil zones border in Figure 5.1):

-Zonel: p=100 Qm —er==6

-Zone2:p=150Qm-er==6

-Zone3:p=80Qm-er=56

-Zoned:p=170Qm-er==6

-Zone 5 p=220Qm-er==6
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Figure 5.1: Layout of substation, power lines 400 kV (green), 220 kV (azu'r‘e) and pipeline (blue)
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Figure 5.2: Detail of the substation grounding system Iayout

Only the pipeline incoming the zone of influence of the power system is taken into account. Based on
[6], the width of the zone of influence can be calculated as follows:

d =200,/p 1)

where:
- p (Qm) = soil resistivity

The zone of influence in the specific case, varies in the range between 1789 and 2966 m.

The substation representation is limited to its grounding system layout.

The overhead power lines representations are simplified and takes into account only the phase
conductors closest to the pipeline. The overhead earth wire screening effects are included in the
calculation by applying a reduction factor “r” to the phase to earth fault current. The reduction factor
depends on the number and self impedances of the overhead wires and on the mutual impedance
between overhead wires and phase conductors and it is usually in the range 0.6 — 1.0.

(5.2)

where:
- le (A) = current to earth
- If (A) = fault current

In general conditions, XGSLab may consider complex scenarios. In particular, it is possible to
simulate the overhead earth wire and also the effects of the tower lattice grounding systems but this is
beyond the scope of this paper.

Other main data as in the following.

Power line 400 kV:

-V =400 kV

-f=50Hz

- h =18 m (average height of the lowest phase conductor)

- If =12.0 kA L 30.0 deg (single phase to earth fault current)
- r = 0.7 (reduction factor)

- tf = 0.35 s (clearance time)

Power line 220 kV:
-V =220 kV
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-f=50Hz

- h =15 m (average height of the lowest phase conductor)
- If =8 kA 0.0 deg (single phase to earth fault current)
- r = 0.8 (reduction factor)

- tf = 0.35 s (clearance time)

XGSLab may consider also the catenary of the aerial power line but similar refinements are usually
not considered in the electromagnetic interference evaluations.

The fault current direction in all cases are towards the substation.

The current to earth in the substation is then:

le =28.61 kA L17.07 deg

Pipeline:

- Layout: infinite length in all directions and an insulating joint where indicate
- Insulating joint: protected by a surge protection device with a low frequency discharge voltage 350 V
- h = 1.5 m (axis depth)

- d =300 mm (outer diameter excluding covering)

- t=9.5 mm (metal wall thickness)

- pm: 1.7 107 Qm (steel)

- prm: 300

- tc = 2.5 mm (covering thickness)

- pc: 107 Qm (polyethylene)

- erc: 2.3

The infinite length condition of the pipelines has been simulated with a transverse impedance
corresponding to their characteristic impedances (at 50 Hz) Zc = 2.85 +j2.13 Q.

The potential distribution calculate along the pipeline has to be compared with the permissible voltage.
Usually Standards consider a permissible voltage for safety conditions of people and a different limit
in order to avoid damage to the pipeline.

In fault conditions, Standard limits for safety conditions of people depend on the fault duration (for
instance 1000 V if fault duration time is 0.35 s). This limits are referred to accessible metal parts.

The European standard limit (EN 50443 2012) in order to avoid damage to the pipeline in fault
condition is 2000 V. This limit is referred to all parts.

The results of the interference are represented in the following Figures.

Figure 5.3 and Figure 5.4 represent the EMF and potential distribution respectively along a network of
pipes and the discontinuities are related also to the kind of representation that appends all the pipes.

In the fists stage calculation, the surge protection devices applied to the insulating joints are assumed
not triggered. In this condition the difference between the potentials on the insulating joints are 1166
and 999 V and then well above the low frequency discharge voltage (350 V).

| | M*;;VJ. M'\%%;j
Figure 5.3: EMF distribution on pipeline with surge Figure 5.4: Potential distribution on pipeline with surge
protection device not triggered protection device not triggered
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In the second stage calculation, the surge protection devices are assumed triggered.
Figure 5.5 indicates that the induced potentials on pipeline are higher than the permissible values for

safety conditions of people (1000 V).

As mitigation measure, four additional resistances to earth (2.8 Q the central ones and 10 Q the lateral
ones) are applied to the pipeline in the spans around the highest potentials points. These earth
resistances (indicate as Ra in Figure 5.6), in steady state condition are not active because connected to
the pipeline via surge protection devices.

@

Figure 5.5: Potential distribution on pipeline with surge protection device triggered

S e
Figure 5.6: General layout with location of additional pipeline earthing

In the third stage calculation, the surge protection devices of insulating joints and of pipeline earthing
are assumed triggered. Figure 5.9 indicates that the induced potentials are lower than the permissible
values for safety conditions of people (1000 V). Figure 5.10 indicates that the covering stress voltage
is lower than the limit in order to avoid damage to the pipeline (2000 V).
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Figure 5.7: EMF distribution on pipeline with additional earthing
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Figure 5.10: Covering stress voltage distribution on pipeline with additional earthing

Figure 5.11 represents the earth surface potential distribution in the interfering area. The effects of the
substation is evident while the presence of pipelines and additional earthing is visible only far from the
substation area.

Figure 5.11: Earth surface potential distribution with additional earthing

6 - CONCLUSION

This paper describe the model implemented in a BEM based earthing software for electromagnetic
simulations and a possible application at low frequency.
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In particular this paper describes the electromagnetic interferences between a substation and four
overhead power line and a buried steel pipeline network.

The interfering system is quite large and, as usual in similar conditions, it is supposed that the soil
resistivity cannot be assumed as uniform. For this reason a multizone soil model has been used.

The cases study has been developed introducing some simplification about layout systems and fault
current distributions, but in general conditions more complex and realistic scenarios may be simulated.
The conductors network can include many conductors arranged and connected in an arbitrary way in
the 3D space, the catenary disposal of aerial power lines can be used, aerial conductors can be single
or bundled, the conductors network can be energized both with current or electromotive force, or with
voltages induced by conductive, capacitive or inductive coupling and so on. Moreover the electric
model of the system of conductors can include additional longitudinal or transversal impedance. The
soil may be represented with a layered or with a multizone model.

All these options are made possible by the used hybrid model, and the accuracy of the results make the
used software a very interesting design tools.
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