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This paper presents a novel approach to the modeling of high voltage underground cables. Its main contribution
is that it considers induced effects. Indeed, it incorporates the estimate of induced voltages and currents in cable
sheaths in steady state due to the nearby cables and sheaths, for different types of sheaths connections and for
various single-phase short-circuit configurations and three-phase short-circuits. Furthermore, it allows multiple
circuits to be coupled automatically in a simple way. An intuitive and friendly simulation tool has been im-
plemented that allows the automatic generation of multiple coupling circuits and to calculate all these induced
effects caused by the connection of the sheaths and the distance between cables. It has been validated by

comparing it with the expected theoretical data and to other simulators with satisfactory results.

1. Introduction

Objections to the construction of overhead power lines (OHL) are
becoming increasingly common. This is influenced by several factors,
such as their visual impact, strong social opposition, the difficulty of
carrying out the relevant expropriation of land within the time and cost
constraints imposed by the project, etc. This is happening not only in
urban environments where space restrictions make clear that overhead
technology is impossible, but also occurs increasingly in rural areas.
Besides, high voltage cables have an insulation layer, so electroshock
and short circuit risks of high voltage underground cable lines are lower
than overhead lines. For all these reasons, in recent years we have seen
an improvement in the technology of the manufacture and installation
of underground insulated high voltage cables [1].

However, this solution has also drawbacks; the cost of an under-
ground cable of the same length and power transmission capacity than
an overhead one can be up to 5.6 times higher for the level of 400 kV,
although for 150 kV is comparable in price. In addition, underground
cables can cause environmental problems by obstructing runoff and the
effect on the underground animal habitats.

Moreover, from a technical point of view, electrical calculations for
high-voltage (HV) underground cables are very complex and have a
number of electrical characteristics that make them very different from
those for overhead transmission lines [2-4]. Although a great deal of
research work on PD based cable insulation monitoring, diagnostics and

localization has been published in recent years on medium voltage
(MV) cables, few of them are found on cross-bonded HV cable systems
[5,6].

Besides, the sheaths of these insulated cables are bad conductors
and generate magnetic fields that originate induced voltages. Then,
depending on the type of connection to ground of the sheaths, currents
are generated which in turn also induce voltages in nearby sheaths.
Indeed, the sheath current generated on metallic sheath can cause
electroshock for human, cable fault and reducing of cable performance.
These effects must be considered as they influence both line transport
capacity and the design of the protections.

Therefore, if the sheath current of high voltage underground cable
line is determined before this underground cable is installed in the
project phase, the required precautions can be determined according to
this estimated value. That is why modeling and simulation are so useful
tools. But the modeling of these circuits is not easy, indeed many factors
influence the voltages and currents and thus, formulation of the sheath
current is difficult and complex [7].

The first objective of this work is to mathematically model and then
simulate the voltages induced in insulated cable sheaths of every kind
and configuration, in order to visualize their magnitudes and phase
angles. It is worthy to remark that the dynamic simulation must have
into account how each element influences the other. That is, it is not
just to replicate different circuits, but to estimate how the electrical
magnitudes of the entire system are affected since a power line behaves
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differently if another cable or even two or more cables are near enough.

This dynamic modeling is required as the coupling effects influence
energy transportation and the design of the electrical facilities. Even
more, the induced voltages and currents have an influence on sheath
circulating loss, which increases the thermal resistance of cable and
then reduces the permissible current. These effects may also cause da-
mage to the cable and to the maintenance personnel [8].

To achieve this goal a simulation tool has been developed. It breaks
down the various components of these voltages and enables, in design
time, the visualization of different parameters (section cables,
grounding resistors, connection settings, line lengths, etc.) that affect
the voltages. These effects depend on the connection of the sheaths and
the distance between wires. This is important because many of the
papers that discuss cable modeling for long high-voltage ac under-
ground cables do not focus on these induced effects. In addition, we are
interested in developing an easy and friendly simulator which allows to
obtain results in a quick way, in order to roughly check if the measures
are right and to properly plan a project with further details.

Many papers are focused on some spurious effects at high fre-
quencies, specifically, skin and proximity effects. They mainly affect the
transport capacity of the cables. Although they may not play a major
role for lower frequencies (below around 10 kHz), there are significant
deviations between the simulation and the measured results at high
frequencies. Some works use EMTP (ElectroMagnetic Transients
Program), such as in [9,10], to calculate them. In [11] authors also use
EMTP to investigate some basic and qualitative characteristics of the
proximity effect depending on the current directions on the conductors.
In [7], authors try to forecast the sheath current using statistical
methods and simulate high voltage underground cable lines. In a recent
paper by Brito et al. [12], the influence on the resistance and in-
ductance per unit length matrix elements of the proximity and skin
effects are considered. An analytical methodology based on the mag-
netic vector potential formulation where appropriate boundary condi-
tions allow the magnetic field solution to be obtained is applied to
three-phase underground cable with conductive sheaths. From the
point of view of distribution networks reliability, the work reported in
[13] characterizes the fault process in underground cables using a time-
domain system model and a statistical parameter estimation strategy.

Other papers that also include the proximity effect in the cable
models are, for instance [14], where a systematic approach for calcu-
lating electrical per-unit-length parameters of signal cables by the fi-
nite-element method is presented. Techniques based on FEM are used.
Paper [15] takes into account the proximity effect arising from currents
mutually induced by nearby conductors which, in turn, modify their
internal current density distribution and, hence, their impedance. They
apply a semi-analytical method base on conductor partitioning. MoM-
SO (Method of Moments-Surface Operator) can also capture accurately
the skin and proximity effects by solving Maxwell's equation in 2D
[16,17]. They propose a surface current approach for systems of round
solid and tubular conductors, allowing to model realistic cables with
tubular sheaths, armors, and pipes. These techniques compute proxi-
mity-aware impedance parameters which can be used to compute vol-
tages/currents. In [18], after numerical simulations, authors conclude
that proximity effect will lead to uneven current distribution in cables.

Our work is not focused on the proximity effects, so important for
line transport capacity, but on the induced currents and voltages caused
by the fact that cables and sheaths are nearby. Besides, we work on the
steady state, where the proximity effects are not relevant. Indeed, we
have calculated the proximity effects to see how they affect the induced
voltages on screens. This has been useful to verify that these effects on a
hollow conductor such a sheath are negligible. For a 220 kV trench with
standard conductors, the skin effect would cause an increase around
0.0006% and the proximity effect an increase of approximately 0.8% in
the sheath ohmic resistance. In a more restrictive case (for example, if
the three cables are closed together), the proximity effect would in-
crease the resistance of the sheath by 6% (modeling it as an impedance,
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just to estimate it). Thus, in the most unfavorable case (cables at-
tached), the variation on the effective output voltage of the sheaths is
about tenths of a volt. Therefore, the important part of the sheath
voltage is induced and it is not caused by the current flow.

The paper [19] presents a review on analytical techniques used to
calculate induced sheath voltage in metallic sheaths of underground
cables and overhead lines. The findings indicate that when two parallel
cables are fairly close together then the electromagnetic coupling effect
between the adjacent cables is difficult to calculate.

Another contribution of our work is that it allows multiple circuits
to be coupled automatically, without the need to manually define each
individual coupling. Other papers found in the literature do not allow
this dynamic modeling or are focused on other aspects, such as the
transient characteristics of grounding systems used in under-ground
distribution power cables [20,21]. In [20,22] a simulation tool devel-
oped with Matlab/Simulink is proposed to prelocate insulation faults
affecting electrical single-phase cables by using measurements of vol-
tage and current. In fact, simulation has been typically used for fault
location on cross-bonded cable systems, using sheath currents [23]. In
[24] authors only deal with single-core cable line and an additional
conductor that are reduced to a simple equivalent s-circuit and mod-
eled by an analytical approach. The same configuration is presented in
[25], where the effect of configuration of high voltage power cables on
induced voltages in their metallic sheaths is computed. In other papers,
such as in [26], or in [27], several cables are generated, including
mutual coupling between them. In the first case, this is based on a
general formulation of impedances and admittances of single-core
coaxial and pipe-type cables, allowing to handle a coaxial cable con-
sisting of a core, sheath and armor, a pipe-type cable of which the pipe
thickness is finite and an overhead cable. In the paper by Patel and
Triverio [27], MoM-SO technique automatically include mutual cou-
pling via ground return impedance between cables.

Back to our proposal, the developed model emulates the perfor-
mance of the different configurations on the basis of the power line data
introduced by the user. The simulation tool is designed and im-
plemented with SPICE [28]. Unlike other approaches, this way of
modeling allows greater speed of development because it is dynamic
and the model itself does not appear in SPICE language until the end. If
an element by element modeling is performed using a graphical en-
vironment (like Simulink or graphics-based environments such as
Schematics SPICE), it is not possible to connect a line with another
efficiently if you do not have a module for a dual circuit. Obviously, this
applies to a triple circuit, quad circuit, etc. Although some newer ver-
sions of certain simulators allow the ability to couple multiple circuits,
it is at the expense of laboriously defining each connection manually, a
task performed automatically by our software. For this reason, it is
common in professional environments to see a single circuit line being
modeled instead of two lines (when applicable), with the assumption
that having a double circuit will not change the induced voltages in the
first circuit in the event of a short circuit [29].

The modeling carried out in this work is quite consistent with reality
in terms of modeling the underground line with all the parameters that
play an important role in calculating the induced voltages. It has been
validated by comparing it with the expected theoretical data and to
other well-known simulators with satisfactory results. The program
works well and it is simpler and more intuitive than other commercial
ones. Even for steady state, it improves the usability of other general
simulators, as far as we know, taking into account aspects not included
by other programs, such as the simulation of induced currents and
voltages.

The structure of the paper is as follows. Section 2 briefly describes
the components of an insulated high voltage power cable and the
possible connections between sheaths. Section 3 presents the calcula-
tion and modeling of the induced voltages. Section 4 shows the software
tool developed and simulation results are then discussed to test and
validate the proposal. Conclusions end the paper.
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Fig. 1. Components of an insulated high-voltage cable.

2. Brief description of insulated cables and bonding methods

Nowadays there are different technical solutions which allow very
high current ratings in undergrounded insulated cables [30]. Electrical
cables can be classified according to various criteria such as voltage,
use, number of phases and the type of insulation. Insulated cables have
a sheath made of conductive material which completely insulates the
electric field; but when this material is crossed by the magnetic field
generated by AC current, voltages and/or currents are induced in those
same sheaths. These voltages and currents must be carefully calculated
because they affect both the power handling capacity of the transmis-
sion line and the design of the protections to be installed. In addition,
depending on the type of sheath and grounding connections, currents
will be produced which, in turn, will also induce voltages in nearby
sheaths [31].

This paper will refer in particular to single core cables with XLPE
insulation for voltages greater than or equivalent to 66 kV and for un-
derground (as opposed to underwater) use. The general composition of
these cables is shown in Fig. 1.

Three electrical phenomena are especially notable in the conductor
behavior: the ohmic loss, skin effect and the proximity effect loss. But
they are not in the scope of this work.

Regarding the sheath, it is also an active conductor for the capaci-
tive currents in the insulation, currents induced by the magnetic fields
of nearby cables (depending on sheath’s connection), and zero sequence
current, draining them all to ground. In practice this feature enables
dimensioning of the metallic sheath. Furthermore, this implies the need
to ground it, and carefully study the design of this connection. That is
why it is important to estimate these induced effects in order to the
choose the correct cable section that can handle the required transport
capacity and make some other considerations about the protection of
the electrical installations.

2.1. Bonding methods

If voltage is induced in a conductor that forms part of a closed
circuit, then current will flow, hence the type of cable shield connection
plays a decisive role in the voltages and currents that may be present.
Sheaths of conductive material crossed by magnetic alternating fields
produce induced voltages and/or currents too. These voltages are also
determined by the type of sheath connection and the proximity between
the lines [32]. Different and complex combinations can be formed using
the three basic types of connections that have been implemented in our
model. These are:

Solid Bonding (SB) or Both Ends: as its name implies, the sheaths are
earthed at both ends of the line or the section in question. This method
of grounding sheaths is rarely used in high voltage lines.

Single Point (SP): in this type of sheath connection one end is earthed
and the other is not. In fact, this latter end is earthed through sheath
voltage limiters (SVL). It is important to have a parallel ground con-
tinuity conductor (ecc) grounded at the ends, in order to minimize
circulating steady state currents and, therefore, losses. Its main dis-
advantage is that a voltage is induced in the side of the surge arrester.
This voltage is proportional to the length of the line and, in a steady
state, its strength could be dangerous to people.

If a short-circuit occurs, the induced voltages may prove hazardous
even for the cable cover (jacket) which is usually designed to withstand
10kV in power transmission cables of 66, 132 and 220 kV. This is the
reason why the line is protected with surge arresters [33].

Cross Bonding (CB): A CB section is grounded at both ends. Each CB
section is formed by three elementary segments of equal length (insofar
as possible). Sheaths are transposed at every joint bay so that the sheath
that was associated with phase 1 in the first segment, goes to phase 2;
the sheath associated with phase 2 goes to phase 3, and the sheath
associated with phase 3 goes to phase 1 (Fig. 2). It is customary to refer
to phases as R, S and T, or 0, 4 and 8, as an indication of the phase
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Fig. 2. Cross bonding grounding system.

displacement angle in time units, although this depends on each com-
pany. This paper will use 1, 2 and 3 for simplicity.

Sheaths will be transposed at the two joint bays in the CB section. If
the lengths are equal (and the currents are also equal), then the induced
current in sheath 1 of section 1 will be partially compensated by the
induced current in the same sheath (remember that it is transposed) in
section 2, and will be finally canceled by the voltage induced in section
3, in the case of a trefoil formation.

3. Estimate and model of insulated cables circuits

The final goal of this work is to estimate and shown induced vol-
tages in underground power lines. The following models have been
developed to obtain and simulate these voltages and currents in in-
sulated cables.

3.1. Induced voltages estimate in insulated cables

Carson’s empirical equations [32,33] are used in this work to esti-
mate the induced voltages (instead of the more complex and accurate
Pollaczek impedance formulas). Our goal is to obtain a first estimation
of some effects on the underground cables, mainly the voltages and
currents in the sheaths. According to the order of magnitude of these
effects, it could be convenience to carry out a more accurate and ex-
haustive analysis but it may not be necessary in some real installations.
That is why we have used approximate formulas for ground impedance
[34]. Although more accurate formulas could have been applied, we
considered that the approximation is good enough for our purpose.
Carson’s equations allow us to calculate the mutual impedances be-
tween the phase conductors and sheaths, between the sheaths, and the
self-inductance in the individual sheath as follows:

2, = %[l . j.L.ln[&)]
2 4 T rc,p (1)

where

Z.p: is the induced impedance between conductor and sheath (€2/m)
w: is the angular frequency (rad/s)

lio: is the vacuum permeability (4710”7 H/m)

I.p: is the distance between conductor and sheath (m)

D.: is the distance to the equivalent ground conductor (m)

Certain considerations are necessary for these calculations. First, the
ground return equivalent, D,, is calculated by the following equation,

1.85
P (2)

where p is the ground resistivity (Qm).

As said, r, is the distance between the center of the conductor and
the center of the sheath whose mutual impedance must be calculated. If
the coupling between two sheaths is to be obtained, the formula is the
same because the distance between their centers is equal to that be-
tween the center of the conductor and the center of the sheath.

If what is going to be calculated is the mutual impedance between a
conductor and its own sheath, as the distance between their centers is
zero, I, is equal to the length weighted geometric mean radius (GMR)
of the sheath. This geometric mean radius of a sheath (a hollow con-
ductor) is approximately equal to the outer radius of the sheath and,
therefore, it can be used with a small error.

When calculating the characteristic impedance of a solid conductor
(for example, the parallel ground continuity conductor), then r. is
equal to the length weighted geometric mean radius of the conductor.
This value can be calculated by multiplying the outer radius of the
conductor, rey (m), by the factor e 174,

In short, the formula used in this study to calculate induced im-
pedances is always the same, and it uses the distance between the
centers of the two elements under consideration. The conductor-sheath
distance is exactly equal to the sheath-sheath distance. When calcu-
lating the sheath-sheath impedance of the same element (sheathl-
sheath1, sheath2-sheath2, etc.), then the distance to consider, instead of
being zero, is the radius of the sheath (the same applies in the case of
the conductor and its own sheath). As for the parallel ground continuity
conductor, as a solid conductor, the distance to be considered is the
geometric mean radius.

When modeling, particular care must be taken for a given element
(sheath or parallel ground continuity conductor) because the estimate
of the induced impedance will have to be added to the natural im-
pedance of the element itself, which is indicated in the technical data
sheet. Then the induced voltages will be obtained depending on the
specific sheath connection.

Indeed, all elements where current is flowing will induce voltages in
all the close elements. In a three-phase circuit, conductor 1, 2 and 3 will
induce voltages on sheaths 1, 2 and 3. Also, if the connection type is
such that it allows current flow, then the currents in sheaths 1, 2 and 3
will generate induced voltages on the others sheaths and on themselves.
The same will happen to any wire close to these elements. Therefore,
these calculations generate a system of equations that grows quickly.

Due to lack of space, this paper formulates neither that calculation
nor the single phase short-circuits analysis but all of them have been
implemented in the model.

D, =
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3.2. Components model

The main elements of the model and how the induced voltages are
obtained by our simulation tool are described in this section.

There are some well-known conductor models, as the one proposed
by John J. Grainger and William D. Stevenson based on its internal
inductance [34]. However, we use another approach since our goal is to
calculate the induced voltages in the cables sheaths and the relationship
(phase displacement angle) between the currents/voltages of one an-
other. Indeed, the inductances are not included in our model because
the basis is the conductor current. This is the starting point for all the
calculations. If there were certain lag between voltage and current on
the conductor, it can be neglected in the calculation of the induced
currents and voltages.

Thus, the starting point is the current flowing through the conductor
and not the supply voltage. Put in another way, the currents do induce
voltage in sheaths; so, for a given current, the induced voltages will be
virtually identical, irrespective of the line voltage.

In short, conductors will be modeled only by their ohmic resistance.
Therefore, the selected conductor model comprises two resistors in
series (Fig. 3), instead of one in order to be able to access any point of
the conductor. This point is used for modeling the capacitor that re-
presents the stray cable capacitance. The voltage source, at the left side
of the conductor model (Fig. 3), is necessary because in Spice voltage
sources can be used as sensors and they measure the current that passes
through them.

The value of each of the resistances will be equal to half the value of
the resistance of the conductor all along its length.

At this point, the program will have the value of the current flowing
through the conductors, which will be the starting data.

To induce voltage in a given conductor, whether a sheath or an
earth continuity conductor (ecc), the mutual impedance between the
inductor element (killer) and the element receiving the induction
(victim) must have been previously calculated. This calculation has been
described in Section 3.1. Once the mutual impedance and the current
flowing through the conductor are known, the induced voltage is cal-
culated by simply multiplying one by another.

In the simulation scheme, this is done by designing an “isolated”
electrical circuit with two components: the calculated mutual im-
pedance and a current dependent current source (CDCS), with the value
of the current measured in the conductor. This isolated circuit is shown
in Fig. 4 (central part). The term “isolated” means it does not have any
physical connection to other parts of the model. That is, it is not part of
the electrical model of the conductor, neither of the electrical model of
the sheath, but it is the model that calculates the induced voltage from
one to the other.

The voltage in that current source will be the induced voltage per
unit length on the sheath. It is related to the conductor model and to the
sheath model through voltage dependent sources, that depends on other
magnitudes of those models.

At this point the next step is to apply the induced voltage on the
sheath. This is done by inserting a voltage dependent voltage source
(VDVS) in the electrical model of the sheath. The value of this source
will be the value of the CDCS cited before, multiplied by the length of
the considered circuit.

In summary, as it is shown in Fig. 4, the sensor of the conductor
between nodes 1 and 2 is represented at the top of the figure, as part of
the electrical model of the conductor. At the central part of the figure it
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Fig. 4. Electrical model of the voltage induced in any element affected by
mutual impedance.

is possible to see the “isolated” circuit where voltage per unit length is
calculated between nodes 5 and earth. Finally, at the bottom, the vol-
tage dependent voltage source that will be inserted in the sheaths model
is drawn.

The sheath model is a combination of the above elements. Besides,
two resistors are used to model the sheath resistive effect and two in-
ductors represents its self-inductance. The value of the resistors is the
resistance of the sheath at 50 Hz at service temperature, taking into
account the appropriate correction factors. Again, a sensor is located at
the input of the sheath in order to measure the current flowing through
it.

Obviously, what has been shown for a conductor and a sheath has to
be extrapolated due to the fact that the currents through all the con-
ductors and sheaths induce voltage in all the sheaths; that is, the
sheaths (and ecc) will have in their model as many voltage sources as
inductor elements there are.

Fig. 5 shows an example of the model of a single circuit sheath
without parallel ground continuity conductor (ecc). The voltage sources
represent the voltages induced by the currents through the three phases
(condl, cond2 and cond3) and by the currents through the other two
sheaths (sheath2 and sheath3). The self-inductance is already modeled
in the coils.

Although the cable capacity is not very relevant when calculating the
induced voltages, it is also true that there will be such capacity current
between the conductor and the sheaths. Some approaches ignore this
effect [33], but it may be important in same cases. Therefore, we have
modeled what it is called an advanced condenser that will help to es-
timate, if necessary, power losses. It includes, besides its self-capacity,
other capacities, inductances and resistances to simulate its real beha-
vior (Fig. 6). The values of these other components are carefully se-
lected so that the module of the capacity is about 95% of an only
condenser, and the angle generates a phase shift of 78° instead of the
90° of an ideal one.

The values are calculated as follows.

o1 g1 o __C 3% 10°
T 15 x 105%m2C T s500-mC P T 2x102 YT nC
()]

where Ly, is the serial inductance (H), R, is the serial resistance (£2),
Cpar is the parallel capacity (F), Rpar the parallel resistance (Q2) and C the
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Fig. 6. Advanced capacitor model.

capacity of the original capacitor (F).

For simplicity, the stray capacitance is represented as a capacitor in
the following figures, although it is a bit more complex than that, as it
has been shown.

In Fig. 5 we still have to determine the value of the voltage sources.
This is part of the modeling itself and it is not a parameter that is set
before running the simulation. Thus, in a rigorous way, it cannot be said
that what it is so far presented is really a cable model, since it is ne-
cessarily associated to the mutual coupling impedances with all the
elements that induce voltage. This is due to the fact that the cable in-
duced voltages will depend on the other cables close to it. That is what
is shown in Fig. 7. In the model, FiPi represent the phase Fi and Pi
sheath mutual impedance.

Even more, the induced voltage circuits involve certain current-
dependent current sources; so, the model of a cable also depends on the
other cables that are close to it. Therefore, the model of a single-circuit
three-phase line without ecc (the simplest possible model) would be as
shown in Fig. 8.

°_I T

C1 C2C3 S2 s3

—1

C1s1 C2s1 C3S1
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Fig. 5. Model of a single circuit sheath
without parallel ground continuity con-
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All the induced voltages in each small circuit are different from each
other. Each of them corresponds to an element of the mutual impedance
matrix. In fact, the distribution of Fig. 8 roughly indicates the element
to which the reference is made. Thus, by rows from top to bottom,
references are made to sheath 1, 2 and 3, respectively; while columns
refer to phase 1, phase 2, phase 3 and then to the two sheaths left,
which will be sheath 2 and sheath 3 when sheath 1 is considered, or
sheath 1 and sheath 3 when sheath 2 is taken into account, etc.

If the circuit has a parallel ground continuity conductor (ecc), the
model -as in Fig. 5- will have, in addition to a pair of resistances and a
pair of own inductances, an induced voltage source (sensor) for each
phase and sheath and, therefore, six voltage sources.

Besides, all sheaths should add one more voltage source, which
models the induced voltage in the sheath resulting from the current
through the ecc. Clearly, each voltage source must be associated with a
small loop formed by the mutual impedance between the ecc and the
specific sheath, and the current source determined by the current
through the ecc.

Therefore, for a single circuit with an ecc, six voltage sources must
be used in each branch to model a sheath. If there is a double circuit, all
the second circuit phases, sheaths and ecc will induce voltage in all the
first circuit elements (sheaths and ecc) and vice versa. Hence, for two
circuits with parallel ground continuity conductors (ecc), there must be
thirteen voltage sources for each sheath (the three phases of the two
circuits, the other two sheaths of the circuit itself, the three sheaths of
the other circuit and, finally, the two ground continuity conductors).
That is, the model of a double circuit is not obtained by directly re-
plicating a simple circuit model twice, but it changes and expands ra-
pidly.

As an extreme case, if nine circuits are placed in parallel with
double ecc each (this is the maximum that our developed program
supports) there would be 71 voltage sources in each sheath. But as the
distance between circuits increases, the magnetic coupling decreases to
such an extent that it can be neglected. So, it is up to the user to decide

Conductor1

S i

S2S1 <> S3S1 <>

Fig. 7. Model of power cables in a single circuit without parallel ground continuity conductor.
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ov

L B e

F1P1 F2pP1 F3pP1 P2P1 <> P3P1 <>

ov

et e

F1P2 : : F3P2 < > F3P1 < : P1P2 < : P3P2 < >

ov F1 F2 F3 P1 P2
F1P3 F2P3 F3P3 P1P3 P2P3

Fig. 8. Model of power cables in a single circuit without parallel ground continuity conductor, including all the killers and victims, and all the isolated circuits that
calculate induced voltages.
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SVL

Fig. 9. Solid bonding (left) and single point connections (right).

whether to make use of this calculation as it may not add any significant
information beyond the consideration of three circuits.

Finally, it must be said that once you have the electrical model, you
will have to connect the sheaths to ground through the corresponding
earthing resistors, taking into account the type of connection of the line
(cross bonding, solid bonding, single point). In this way the circuit is
completed and the voltages and currents in the sheaths can be com-
puted correctly.

In the developed program this process goes on in the background,
thus the user is unaware and does not have to make further con-
sideration, but it is taken into account.

3.3. Modeling the grounding sheaths connections

The three types of sheath to ground connections (Section 2.1) have
been implemented. In the first one, solid bonding (SB), the sheaths are
directly connected to earth. It is modeled by a resistance (Fig. 9, left).

In the Single Point connection (SP), one end is earthed and the other
is earthed through sheath voltage limiters (SVL). These can be modeled
as very big resistances. Indeed, it is ideally equivalent to an open cir-
cuit. In this work, in order to avoid certain problems in the simulation,
we have connected the sheaths to a very high value resistor (1 MW)
(Fig. 9, right).

Moreover, another connection has been implemented. It consists of
grounding a segment of the sheath directly to the next segment.
Although it is like if there were not any connection point, it makes
easier the modeling of two parallel circuits if one of them changes its
configuration. The sheaths connections are kept the same in this case.

3.4. Modeling the load, power and short-circuits

The output variable in these models is the current, both for steady
state and for shorts circuits. The power source has been modeled as
three-phase star electric current sources 120° shifted (Fig. 10, left). The
neutral of the star configuration is connected to the local ground of the
sheaths; i.e., it is considered that ground of sheaths and sources is the
same.

Regarding the loads, they are modeled so that the terminal voltage
is the nominal. Although the voltage does not play an important role in
these types of problems, a resistance can model it and the representa-
tion is more accurate. Again, the neutral of the three-phase load is

connected to the same ground of the sheaths (Fig. 10, right).
Different short-circuits have been also implemented. They are
briefly described.

(a) Three-phase fault is modeled by setting the required amplitude to
the AC voltage sources so that the RMS short-circuit current flows.
As already mentioned, the load values are reduced the same pro-
portion the current increases in order to keep the voltages to their
nominal values.

(b) Close phase fault in semi-siphon: it consists of increasing the am-
plitude of the current source and reducing the phase load in the
same proportion. This is possible because of the loads and sources
are connected to the same ground.

(c) Distant phase fault in semi-siphon: in the worst case, the total
current is injected directly into the ground. But the user may have
an interest in modeling not only the worst (always recommended)
case but other cases less restrictive. For instance, it may be known
that the fault cannot be considered so distant. Therefore, a reduc-
tion factor between 0 and 1 has been implemented in our model to
simulate any possible case (Fig. 11, left).

A zero voltage source is inserted into the neutral point of the load as
a sensor. A current source dependent on the current of the sensor, with
a gain between 0 and 1, is also inserted between the sensor and the
ground. If this gain is 1, all the current flowing through the neutral is
shunted to ground, thus conforming distant failure modeling. If the
value of the gain is 0, all the current in the neutral is injected into the
local ground of the underground section through a coupling resistance
of negligible value, then modeling a near fault. The intermediate values
are degrees of freedom that the user can use to configure the different
cases.

(d) Close phase fault in siphon: the siphon effect is similar to the far
end, but from the opposite point of view. Indeed, in this type of
fault all the current of the short circuit that returns to the source
does it directly from ground (or from the local substation ground)
and not from the local ground of the underground section. Thus, the
model of this fault is similar to c) (Fig. 11, right). Again, as in the
previous case, the program gives the possibility of reducing the
siphoning by a factor between 0 and 1. This value is given by the
gain of the source. All the current that is not injected from this
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Fig. 10. Three-phase power source (left) and load (right).

source will have to return through the sheaths or through
grounding. If the gain is 1, then there is a fault in the siphon; if it is
0, then the fault is in semi-siphon.

(e) Distant siphon fault: the model of this type of failure is a combi-
nation of the two previous ones. A reduction factor can be inserted
to take into account the different effects.

4. Simulation tool and model validation

The simulation tool here developed was implemented using Excel
VBA and LT Spice IV [28]. It is very intuitive and user-friendly. The
main screen is shown in Fig. 12. All the parameters can be modified by
the user to define any circuit, up to a total of nine different spans with
nine parallel circuits. Different cable characteristic may be assigned to
each span and circuit in addition to different earth resistor values.
Normal operation and different types of short-circuits (single and three
phase) may also be modeled at different points and situations. Various

. == Sensor
Coupling
resistance
- - .-

Local Reduction
gro.undlng factor
resistance source

— —
- -

circuit currents and reduction factors can be considered for fault dis-
tance and other special configurations. Even, optionally, one can enter a
description of the circuit that appears in the report that is generated
during the simulation.

The number of segments and circuits can be set by the user. Most of
the commands are clear and easy. Obviously, the button “Length” is
used to indicate the span length, and so on. The different values of the
sections can be configured, both regarding the segments and the circuits
(Fig. 12).

Clicking on the button “Cable Parameters”, resistance of conductor
and sheath, cable capacity, and outer radius of the sheath can be
modified (Fig. 13). The same parameters can be set for the support
cable.

In the “Section circuit” window one can select the coordinates of the
cables of the circuit for the current segment (Fig. 14, left). Up to a
maximum of two ecc may be entered for each circuit, and also the point
where they are transposed as a fraction of 1 (the default transposal

Sensor

Coupling
resistance

Local
grounding
resistance

Reduction
T factor
source
—-——
-

Fig. 11. Distant phase fault in semi-siphon (left) and siphon fault (right).
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— Simulation parameters
New model options Actual model parameters Output options
Nominal currents | Short-circuits | .cr generation I
Fip ine | .cir generation & simulation |
— Segment parameters
Ground resistivity
Segment number Segment length (m) (Ohmm):
= I— Segment section
Circuit parameters
Circuit number: Nominal voltage (kV):
I ,I I vI Cable parameters | Circuit section |
Sheath grounding connection side 1: A Locseed — A Load Sheath grounding connection side 2:
ik v /J= piekebebbebebeieh, v 4 p—
[ ~| e, I - [ =l
ay /:'? — 1l —
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Ground resistance side 1 - Ground resistance side 2
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Fig. 12. Main software screen.

Induced voltages calculation

— Simulation parameters

r— Power cable parameters B these cablesto ——
Load m( Lo Copy tration & simulation |
SEGMENT 1 - CIRCUIT 1
Segment b
Power cable model
| cobre 2000] ~| | - 'I
— Segment parameters |
Final conductor Final sheath Circuit number
Segment number resistance (Ohm/m) resistance (Ohm/m)
1 S | 0.000015046 | 0.000087982 I z 'I Segment section
Cable capacity External sheath
~ Circuit parameters | cable (F/m) radius (m) @ |
Circuit number: | 0.00000000025 | 0054
1 v Circult section
Ground continuity conductor parameters
SEGMENT 1 - CIRCUIT 1
. Final conductor External conductor o
Sheath grounding o | capje model resistance (Ohm/m) radius (m) b connection side 2:
[ oirect grounding | Cobre 240 | | 0000092499 | 0.0098 ~
Ground resistance side-r side 2
(Ohm): li— ﬂi‘ (ohm):
I . | 1

Fig. 13. Configuration of cable parameters.
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Induced voltages calculation

Simulation parameters

Induced voltages calculation
Simulation parameters
New model options Actual model parameters Output options
New model Nominal currents Short-circuits .cr generation
Segment section =5
Greutts origin coordinates Copy this formation to
Load! pon & simulation
Coordinate X Segment number
SEGMENT NUMBER 1 0
o
Segment Circuit number Coordinate Y
[ [o copy
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5 2 Y & v [ircuit section
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Direct grounding j
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Circuit section =
Load Actual element Copi this formation to bon & smulstion
SEGMENT CIRCUIT 1
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Ground resstance STE T T T GTOUNG TeSSTance sde 2
(ohm): l + ﬁf (ohm):
1 b - 1

Fig. 14. Coordinates configuration of the different circuits and segments.

point is 0.5, that is, at halfway). Segment section button allows to
change the reference coordinates of the different circuits (Fig. 14,
right).

“Simulation Parameters” screen allows us to select the type of si-
mulation (normal operation, three phase circuit, or the four different
types of short circuits). It is also possible to select the circuit that is
shorting, the current of the short circuit, and the reduction factors for
distant failure and siphoning. The phase currents are also chosen for
each circuit.

This way, it is easy to visualize the voltage or current at any point in
the circuit. Even more, the user can easily see the terminal voltage of an
arrester or the current passing through a sheath, or the voltage com-
ponent in sheath 2 of circuit 1 resulting from the current flowing in
sheath 3 of circuit 2, and so on.

The simulation tool shows a large number of comments that help the
user to track it easily and, if needed, to make any necessary change
quickly. The report that is generated is identified by the sheath and four
digits, meaning the section, circuit, phase, and end point of the section,
respectively. The measures of all the sheath RMS voltages are also in-
dicated. This report has the following information.

e Circuit description, including segment, circuit and phase.

e Sheath description, indicating section, circuit, and uncharger if ap-
plicable.

e Support cable description, with information regarding the section,
circuit and number of supporting cables (there may be one or two)

o Induced sources description, indicating the inductive element (wire
or sheath, segment, circuit, phase) and the element that receives the
induction (sheath, cable, segment, circuit, and phase).

e Power sources (current sources)

® Description of the loads (star resistors)

o Initial values of the different knots of the circuit.

e Description of the measures taken on sheaths.

o Other technical information.

4.1. Model validation with theoretical results

In order to test the simulator and to validate the model, a series of
simulations were run under different configurations and compared to
known results, the theoretical expected calculations, taking into ac-
count that the obtained values are approximate ones.

Fig. 15 shows the result of simulating the local voltages induced in
the sheaths of a 220 kV single circuit. It consists of a span of 500 m with
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SP sheath connection with one ecc transposed to halfway, and oper-
ating normally. It can be seen that two sheaths have approximately the
same amplitude of induced voltage and 120° offset (red' and blue lines).
These sheaths correspond to the lowest phases in the trefoil formation.
The ecc is only very close to them along half of the run.

However, the voltage induced in the central phase of the trefoil
formation (magenta line) is smaller in magnitude. This is because the
ecc is close to this phase throughout the segment and, therefore, this is
the phase that induces more voltage over the ecc. That is why the ecc
current is approximately in opposition of phase to the conductor cur-
rent. Indeed, the component of the induced voltage in the central
sheath caused by the ecc current is such that it lowers the overall
magnitude of the induced voltage in this sheath, and it also increments
it in the other two sheaths more than if there were no such current.

Once the simulator has been tested in general terms, seeing that it
provides the expected results, two different cases have been simulated
to validate the model.

(a) First case: segment of a single circuit

As a first example, the results of the simulation of a single circuit
segment with solid bonding connection are analyzed. The test is per-
formed on a 1km line with a trefoil formation, with a distance of
250 mm between phases and various combinations of grounding re-
sistance values. The results are given in V/kA (kA fault). We compared
the theoretical results (Table 1) with the results provided by the soft-
ware (Table 2) on the basis of a single-phase short-circuit and four
different configurations. The theoretical expected results are obtained
from [35], pp. 855-863, applying the following formulas.

Close fault in semi-siphon: the induced voltages in local ground (R1
and R2) in a SB connection, with a trefoil formation and without cur-
rent through the other conductors, for a single-phase short circuit, are
given by,

VRl _E'Icc'Rl

Vea = el Ry

RP
£ =
3:(Ro + Ry + R) + Ry + jX¢ + 2:jX,,

1 For interpretation of color in Figs. 15-17, and 20, the reader is referred to
the web version of this article.
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Fig. 15. Simulation of induced local voltages in the sheaths.
Table 1
Theoretical results.
L (km) R1 (Ohm) R2 (Ohm) s (mm) Close semi-siphon Distant siphon Distant semi-siphon Close siphon
1 0.25 0.25 250 —-9.4 9.4 —-172.7 172.7 —87.6 —-196 196 87.6
1 0.25 0.5 250 -7.5 15.1 —138.6 277.1 —-133.1 —314.4 195.3 140.5
1 0.5 0.5 250 —-12.3 12.3 —227.6 227.6 —218.7 —320.8 320.8 218.7
1 0.25 10 250 -0.7 28.3 —-13.3 532.5 —242.4 —604.2 243.3 269.9
1 0.5 10 250 -1.4 27.6 —-26 519.9 —473.4 —732.9 475.1 499.6
1 10 10 250 —-14.6 14.6 —274.2 274.2 —4993.1 —5010.6 5010.6 4993.1
1 10 20 250 -9.7 19.4 —183.1 366.1 —6657.9 —6690.9 6667 6667.6
1 20 20 250 —-14.6 14.6 —274.8 274.8 —9994 —10007.8 10007.8 9994
Table 2
Simulation results.
L (km) R1 (Ohm) R2 (Ohm) s (mm) Close semi-siphon Distant siphon Distant semi-siphon Close siphon
1 0.25 0.25 250 -9.2 9.2 —-172.3 172.3 —87.4 —195.5 195.5 87.4
1 0.25 0.5 250 —-7.4 14.8 —138.2 276.4 —-132.8 —-313.8 194.9 140.2
1 0.5 0.5 250 —-12.2 12.2 —227.1 227 —218.2 —320.2 320.2 218.2
1 0.25 10 250 -0.7 28.5 —-13.3 531.6 —242 —603.6 242.8 269.7
1 0.5 10 250 -1.4 27.8 —-26 519 —472.5 —-732.3 474.2 498.9
1 10 10 250 —-14.7 14.7 —274.3 273.3 —4983.7 —5001.5 5001.6 4983.8
1 10 20 250 -9.8 19.6 —183.5 365 —6645.7 —6679.2 6654.8 6655.2
1 20 20 250 -14.7 14.7 —275.4 273.5 —9975.4 —9989.5 9989.6 9975.5

Vg1 — R1 voltage (V)

Vg2 — R2 voltage (V)

I.c — Short circuit current (A) . .
g — Fault current fraction circulating on the ground (dimensionless) €= 3(R—Ri—Ro) + Rp—jXop—2:jXm

Ro — Induced resistance between conductor and sheath (Q) 3:(Ro+ Ry + Ro) + Ry + jXep + 2. X
R, — Sheath resistance (Q)

X.p — Induced reactance between conductor and sheath of the same

I
Vke = —Rz'(l—«‘:)'f

Close fault in siphon:

cable (Q) Vir = Rl.(l_g).ﬁ
X, — Mutual reactance between conductor and shield of different 2
cables (Q)

Ve = Rp-(1 + E)k

The formulas for the short circuit type 2 in the same conditions as 2
the previous one are the following. 3-(R—R,—Ry) + Ry—jXep—2:Xm
Distant fault in semi-siphon.

£ =
3:(Ro + R + R) + Ry + jX¢p + 2:jX,y,

Ve = —Ri-(1 + s)-% Distant fault in siphon:
VR = —Ry-e

12
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Relative error between simulation and theoretical results for a single circuit.
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Close semi-siphon

Distant siphon

Distant semi-siphon Close siphon

—-2.1% -2.1% —0.2% —0.2% —-0.2% —0.3% —-0.3% —0.2%
—-1.3% —2.0% —0.3% —0.3% —0.2% —0.2% —0.2% —0.2%
—0.8% —0.8% —-0.2% —0.3% —-0.2% —-0.2% —-0.2% —-0.2%
0.0% 0.7% 0.0% —0.2% —0.2% —-0.1% —-0.2% —-0.1%
0.0% 0.7% 0.0% —0.2% —0.2% —-0.1% —0.2% —-0.1%
0.7% 0.7% 0.0% —0.3% —-0.2% —-0.2% —-0.2% —-0.2%
1.0% 1.0% 0.2% —0.3% —-0.2% —0.2% —-0.2% —0.2%
0.7% 0.7% 0.2% —0.5% —0.2% —0.2% —0.2% —0.2%
15
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(] on arrester phase R
10 - Sheath abs. voltage
on arrester phase S
Sheath abs. voltage
5] on arrester phase T
.
>
i
<
m
S o
P
|
)
>
&5
10 —
-15 T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 sl 012
(fle caso_S.P.pld; x-vart) vC2A v.C2B  v.C2C TIME (s)
Fig. 16. Sheath absolute voltages on the arresters side (ATP simulation).
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Fig. 17. Sheath absolute voltages on the arresters side (proposed simulation tool).
Vre = Ry€ theoretical and simulated value is 0.2% (Table 3). The error is very

—3-Ro—jXep—2jXm

£ =
3-(Ro + R + R) + Ry + jX¢p + 2:Xm

The average error between them, i.e., the difference between the
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small for every combination of grounding resistors and for all types of
short-circuit, thereby underlining the reliability of the program and the
modeling methodology.

It should also be noted that the theoretical calculation does not take
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Fig. 18a. Detail of the absolute voltages peaks of the three sheaths on the arrester side obtained with ATP.
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Fig. 18b. Detail of the absolute voltages peaks of the three sheaths on the arrester side obtained with our proposed simulator.

into account the existence of capacitors although the model does. Its
influence on the results is low since it only involves small currents, but
the lower the induced voltage results the more noticeable it becomes.

4.2. Model validation with other simulator results

In order to further validate the model and the developed tool, si-
mulations have been also performed using the commercial and well
known ATP software and the results are compared to those obtained by
our simulator.

First, a simple 66 kV real circuit with a 655 m section in single point
(SP) has been simulated. The underground cable is made of aluminum
with a 1000 mm? section and a copper sheath of 95mm?. Previous
studies revealed that in the event of a short circuit in one of the sub-
stations, a current of 20 kA can be generated. The absolute value of the
voltages on the three sheaths on the arresters side are shown in Fig. 16
(with ATP) and in Fig. 17 with our software.

In Fig. 17, V[16] (red line), V[17] (grey line) and V[18] (blue line)
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are the absolute sheath voltages on the side of the arresters. It is pos-
sible to see how the maximum induced voltage occurs in the sheath of
the cable in short circuit (cable 2, the upper one in the trefoil forma-
tion). That is, V[17] in Fig. 17, obtained with our program, and v.C2A
(red line) in Fig. 16, obtained with the ATP simulation.

The other two sheaths (those of cables 1 and 3) have an induced
voltage practically identical between them and slightly lower than the
phase of the one that suffers the short circuit. The induction is lower
because they are at a greater distance from the conductor short-
circuited than the sheath of cable 2.

Although it is not possible to overlap both figures, it can be seen that
the values of voltage and phase shifts are quite similar for the ATP and
our simulation tool. The measures are almost identical.

Indeed, if we represent with more detail the sheath voltages
(Figs. 18a and 18b), the differences between the results obtained by the
ATP (Fig. 18a) and the simulator proposed in this work (Fig. 18b) are
minimum.

Besides, in Figs. 18a and 18b it is possible to see the three voltage
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Fig. 19. Sheath absolute voltages in both junction chambers (ATP).
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Fig. 20. Sheath absolute voltages in both junction chambers (proposed simulator).

lines. In the previous figures, both for the ATP and our simulation, one
of the voltages was overlapped and could not been seen.

Our simulator has also been compared with ATP for a more complex
circuit, an underground 132KkV real line with a simple circuit, cross
bonding (CB) grounding and trefoil formation with phase distant of
200 mm. The line consists of three CB sections with 1060 m, 1135m
and 1165 m length, respectively. The resistance of the sheath at 90° is
87.9 uQ2/m and its radius is 5.4 cm. Grounding resistors in the substa-
tions are set to 1 Q, whereas in the intermediate junction chambers are
set to 5Q.

Simulation is carried out for a single phase siphon short circuit close
to 40 kA. Fig. 19 shows the absolute voltages on the sheaths obtained in
each one of the two junction chambers, by the ATP simulator.

The absolute voltages for the same scenario, obtained with the
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program developed in this work, can be seen in Fig. 20, using the same
time and voltage scales.

Fig. 20 shows two groups of three absolute voltages. The group of
the three major voltages corresponds to V[26] (pink line), V[27] (green
line) and V[28] (red line); the last two are difficult to see because they
are overlapped. These are the voltages of the sheaths in the first splice
chamber; that is, on the side furthest from the short circuit, as expected
and as with ATP.

The other group of the three voltages, V[32], V[33] and V[34]
(grey, magenta and blue lines, respectively), represents the absolute
voltages in the sheaths of the junction chamber closest to the short
circuit.

Again, as in the previous case, the values obtained by the ATP si-
mulator and our proposal are the same.
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This allows us to validate the modeling and the developed simu-
lator.

5. Conclusions and future work

The modeling carried out in this work is quite consistent with reality
in terms of modeling the underground line with all the parameters that
play an important role in calculating the induced voltages.

Unlike other proposals [36], this way of modeling allows greater
speed of development because it is dynamic and the model itself does
not appear in SPICE language until the end. If an element by element
modeling is performed using a graphical environment (like Simulink or
other graphics-based environments such as Schematics SPICE) it is not
possible to connect a line with another efficiently if you do not have a
module for a dual circuit. Obviously, this applies to a triple circuit, quad
circuit, etc.

Although some newer versions of certain simulators allow the pos-
sibility of coupling multiple circuits, it is at the expense of laboriously
defining each connection manually, a task performed automatically by
our software.

For this reason, it is common in professional environments to see a
single circuit line being modeled instead of two lines (when applicable)
with the assumption that having a double circuit will not change the
induced voltages in the first circuit in the event of a short circuit.
Although this may be a common case, it may be of interest to know
exactly what happens, or to ascertain the voltage induced in the sheaths
or the circuit that does not have the fault. Those eventualities are
covered by the software developed in this work.

As future work, combining the steady state behavior and the tran-
sient response of the circuit could be an interesting approach. Another
possible extension of our work will be to apply Multiconductor Cell
Analysis (MCA) [37], to deal with the variables computation in faulty
occurrences. Indeed, MCA considers the proximity effect for steady
state [38,39].
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