Progress In Electromagnetics Research B, Vol. 56, 309-326, 2013
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Abstract—This paper presents analytical formulas, based on the
“thin wire model”, for calculating the ELF (Extremely Low Frequency)
sub-sea electromagnetic field produced by a submarine power cable.
Two different models are studied: the first and simpler one (already
present in literature) is based on the infinite sea model while the
second and more realistic one, that we propose, takes into account
of the seabed presence with the sea considered having finite depth.
The shielding effect produced by cable sheath and armouring is taken
into account by means of suitable shielding factors. Some examples of
application of the two models are shown and the relevant results are
compared between them.

1. INTRODUCTION

The interest in ELF electromagnetic field generated by submerged ca-
bles in conductive media, arose, in the last century, in connection with
geophysical exploration and submarine communication/navigation ([1—
4]). More recently, a completely different problem stimulated the re-
search concerning sub-sea ELF electromagnetic field; the new motiva-
tion is related to the increasing demand of renewable energy that has
led to planning and construction of a large number of offshore wind
farms especially in the Northern Europe; thus, due to the increasing
number of submarine power cables departing from offshore wind farms,
concern exists for the potential effect on the marine environment pro-
duced by the ELF electromagnetic field (EMF) generated by the cables
themselves.

It is worthwhile to just mention the potential effects of the EMF
on certain marine organisms [5-7]:

Received 29 August 20183, Accepted 6 November 2013, Scheduled 9 November 2018
* Corresponding author: Giovanni Lucca (G.Lucca@sirti.it).



310 Lucca

Affect orientation.
Disruption of migrations.

Attraction/repulsion of animals.

Egg/larval development impact.

So, EMF is an issue for the offshore renewable energy industry because
as a source of potential environmental impact, it is a matter of
concern to environmental regulators; moreover, in some countries, it
is mandatory to describe such a potential impact as a prerequisite in
order to get the necessary authorizations in order to build up new
plants. Therefore, it is useful to have at disposal a simulation tool
able to assess the level of underwater EMF generated in the space
surrounding a submarine power cable.

Previous works concerning the modelling and the calculation of
sub-sea EMF generated by submarine power cables are [8,9]. By
using a 2D FEM (Finite Elements Method) technique, the authors
discretise, through a suitable mesh, the inner space inside the cable
(i.e., phase conductors, insulating material, sheath, armouring) and
the outer space (i.e., the sea water and the seabed) and obtain the
value of the EMF inside and outside the cable.

A further and more recent approach is the one described in [10]
which is based on the concept of radial transmission line model.
Such a transmission line comprises concentric shells that are thin
compared to both power cable radius and skin depth of a plane
wave propagating into the sea that is modelled as an infinite and
homogeneous medium. The propagation across each shell is defined
by near constant parameters (resistance, inductance, capacitance and
conductance) at a specific radius, and they are used to define a radial
distributed transmission line model that allows for the calculation of
the EMF in the sea.

For our proposal to study the EMF only outside the cable, we
would like to propose, in this paper, a methodology which is based on
modelling the cable phase conductors by means of thin wires. Thus, by
starting from the contribution in [4], we have improved the analytical
approach there described and based on infinite sea model, by modelling
the finite depth of the sea and the presence of the seabed with its own
resistivity. Hence, from this point of view, the finite depth sea model
is more realistic than the infinite sea model.

Moreover, the shielding effect of metallic cable sheath and
armouring is taken into account by means of suitable shielding factors
that can be analytically calculated on the basis of cable physical and
geometrical characteristics.

The main advantage of such an approach is that analytical
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expressions (that can be quickly implemented by means of a computer
program) for the EMF in the sea can be found.

2. ANALYTICAL FORMULAS FOR EMF IN THE SEA

2.1. General

As already mentioned, our aim is the EMF calculation only outside
the cable; so, we can use the thin wire approximation that allows us
to treat the phase conductors of the cable as filamentary conductors
carrying a known current. That means to neglect phenomena of skin
effect and proximity effect for the cable conductors. This assumption
is quite reasonable as far as we are interested in calculating the field
outside the cable.

The cable conductors are very long so that we can consider them of
infinite length. Moreover, especially at the low frequencies considered
in this paper, (typically 50-60 Hz) we can neglect current variations
along the cable so that the current carried by each conductor can be
considered, with good approximation, constant.

Due to the above assumptions, we can adopt a 2D model for the
description of the EMF generated around the cable.

On the basis of these simplifying hypotheses, we consider in the
next paragraphs two different models:

e A simple model of infinite sea, i.e., a wire carrying a known current
located inside an infinite, homogeneous and isotropic medium.

e A model of finite depth sea, i.e., a wire carrying a known current
located at the interface between sea (considered of finite depth)
and seabed; thus, this model takes into account of three different
media: seabed, sea water and air.

The results obtained by the two models shall be then compared by
varying some of the more significant parameters present in the models
themselves.

Finally, we have to mention that a further hypothesis adopted in
both the models is neglecting, in conductive media, the displacement
current with respect to the conduction current. Such an assumption is
acceptable when the following equation holds:

1 .

—>we 1=1,2 (1)
Pi

p1 and €1 being the sea water resistivity and permittivity, respectively,

p2 and €5 the corresponding quantities relevant to the seabed, w = 27 f

the angular frequency, and f the frequency.
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Note that due to the low frequency considered (f = 50 Hz—60 Hz),
and inside the typical range of values for resistivity and permittivity
relevant to sea water and seabed, inequality (1) is always verified.

2.2. Infinite Sea Model

Let us consider the k-th phase conductor carrying a constant and
known current Ij, located in an infinite sea (see Figure 1).

-P(y.2

I sea(py, h=Mg)

e 2

v

Figure 1. Conductor immersed in an infinite sea.

According to the geometry sketched in Figure 1, the EMF has
cylindrical symmetry, and electric and magnetic flux density field
components have been deduced in [4].

We report them (in a slightly different form that takes into account
also of the cable radius) according the conventions and notations used
in Figure 1.

The electric field E in a generic point P of coordinates (y, z) has
only the x component which is given by:

Bk (y,Z):—W prlk o (\/jf’?\/(y—yk)%r(z—z;f) o

1 27Tk K, ( jwuoTck)

p1
While the y and z components of the magnetic flux density field B,

evaluated in P, are:
Jwpo —u)? — )2
ol <\/ - \/(y k)™ + (2 Zk))
Byk (ya Z)_

T or Tck K, ( /jL;IjOTCk)
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\/(y — )"+ (2 — )’

polx K (\/jc;?\/(y — )+ (2 — 2k)2)

2w ey, K, ( Jc;/lto Tck)

sz (yv Z) =

(z — 2p) (4)
\/(y — )"+ (2 — )’

In formulas (2)—(4), j is the imaginary unit, p; the sea water resistivity,
po the vacuum permeability, 7. the radius of the k-th conductor, and
Ko and K7 are the modified Bessel functions of second kind and order
0 and 1, respectively. Moreover, the following condition must hold:

Re< j‘;’f) >0 (5)

Lastly, in formulas (2)—-(4) when the argument of K; at the
denominator is very small (condition actually verified in the practice),
the expressions for the EMF become identical to the ones reported
in [4].

2.3. Finite Depth Sea Model

Let us now propose a more realistic model of sea having depth d with
the k-th conductor located at the interface between the sea water and
seabed (see the sketch in Figure 2).

The formulas for the EMF that we would like to propose are based
on the results presented in [11] where the authors studied the case of
a buried cable in a two-layer soil. Here, in the frame of our problem,
the first layer plays the role of the sea water while the second layer
plays the role of the seabed (note that actually three different media
are considered in this model: air, sea water and seabed); thus, by
specializing those formulas for the present application, we obtain for
the electric field £’ and magnetic flux density field B’:

p o Jwpoly /°° cos A (y — yk)
ok 27 0 a1

s10821~1F2] 4 510dy e (=)
+d108216—a1(2d—z—zk) +d10d216_a1(2d_|z_zk|)

810891 — dypdare—21d

d\  (6)
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Figure 2. Conductor lying on the seabed and immersed in a finite
depth sea.
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st =0y 32+ L2/ )

521—#2F \/m (10)
d10—uo\/ﬁ N2+ jwiozo (1)
1
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jw jw
d21=u2\/)\2+‘7 BL_ a2 2282 (12)
P1 P2
ar= [ 22 4+ 12H (13)
P1

w1 and po being the magnetic permeability of sea water and seabed,
respectively, and g the vacuum dielectric permittivity.

3. FORMULAS FOR THE SHIELDING FACTOR

3.1. General

The phase conductors inside a submarine power cable are, in many
cases, contained inside a tubular lead or aluminium sheath. In turn,
the sheath is helicoidally wrapped by means of a certain number of
steel wires constituting the cable armouring which has purposes of
mechanical protection.

Both sheath and armouring are important from the electromag-
netic point of view because they shield the EMF which is primarily
produced by the current flowing in the phase conductors; thus, a cor-
rect evaluation of the EMF generated by the power cable should take
into account of the shielding effect related to sheath and armouring.

In this paragraph, we want to give expressions for the shielding
factor S (or shielding effectiveness) of a tubular sheath and of an
armouring in function of their physical and geometrical characteristics.

The screening factor is generally defined as:

g_ | Bwith shield| (14)

| Bwithout shield|

In our case, such a shielding factor can be used also for the electric

field because, outside the cable, and it is given by only the inductive
component, i.e., the one due to time variations of B field.

The formulas that we are going to present appear in [12,13], and
to those publications we refer for further details.

For the following, two points need to be remarked:

e The formulas for the shielding factor .S are valid in points of the
space having distances much greater than the distance between the
phase conductors; we can notice that such a condition is fulfilled
practically everywhere outside the cable.

e In case of two-layer shields, in [13] it is shown that, with good
approximation, we have:

S ~ S195 (15)
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Formula (15) means that the two shields can be studied separately.
Such a principle can be applied to the sheath and to the armouring;
thus, the overall cable shielding factor is:

S & SunSarm (16)

Ssn, and Sy, being the shielding factors associated to the cable
sheath and armouring, respectively.

3.2. Shielding Factor of the Sheath

Let us define by d4, the skin depth relevant to the metal composing
the sheath given by:
Psh

Osh = 4| ———— 17

’ ﬂ—f:U'O;ur sh ( )
psh and ., being the sheath resistivity and relative magnetic
permeability, respectively.

The shielding factor relevant to the sheath of inner radius Ry, and

thickness tg, is:

[
2 Hoy shOsh
\[ Rspttsn

(147) |+ (1 = ) 2 cosh [

S = (18)

2
‘1 0.57 (Mrfih‘%h) sinh[gz’; (1+])H

3.3. Shielding Factor of the Armouring

As already mentioned, the armouring is formed by n steel wires, having
radius r,, and resistivity pgrm, helicoidally wrapped around the sheath
with pitch p and laying angle 1 (see Figure 3).

By following the ideas and using the information given in [14], the
armouring can be reduced to an equivalent tubular conductor.

The equivalent thickness of the armouring is given by:

tarm = \/R2,,, +nr2 cos () — Rarm (19)

where Ry, is the inner radius of the armouring.

As far as the steel wires relative permeability is concerned, as
shown in [14], we have it split up into two different components (see
Figure 3):

e A longitudinal component (i.e., in the direction of the wires)
try = |prile™?® which is represented by a complex number in order
to take into account of eddy current and hysteresis losses inside
steel wires.

e A transversal component (i.e., in the direction normal to the wires)
Hrt.
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Figure 3. Geometrical and physical parameters associated to

armouring steel wires.

The values of both longitudinal and transversal relative
permeabilities are function of magnetic field and depend also on other
parameters such as steel wires diameter and tensile strength. In [14],
some experimental curves are reported.

Next step, in transforming the steel wire armouring into an
equivalent tubular conductor, is the introduction of an equivalent total
relative permeability ti,10r given by:

™nr L
K tot = 2pw |,url| e Slﬂw + frt COSQ 1/} (20)

Even if |un|, « and g depend on magnetic field intensity,
representative values for them, for different values of wire diameter,
are given in Table 1.

Therefore, formula (20) allows us to calculate an equivalent value
of armouring magnetic relative permeability; then, by considering
|tr tot] and by means of analogous formulas to (17) and (18) the

Table 1. Representative values for some armouring steel wires
parameters; f = 50 Hz, tensile strength 600-700 MN /m?2.

wires diameter [mm] | || | o [deg] Lt

10 for wires in contact

5 400 52
1 for separated wires

10 for wires in contact

3.25 600 49
1 for separated wires

9 700 40 10 for wires in contact

1 for separated wires
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shielding factor associated to armouring itself can be estimated, i.e.,
f Mrtotéarm
Rarm+ta7m
. Lrt +0 2 t .
1= 057 (et ) sinh [ (14 )|

(1= ) gy cosh | (145)]

Sarm =

(21)

4. A COMPARISON WITH DIFFERENT EXISTING
MODELS

In this paragraph, we present a comparison among the results obtained
by using FEM, radial transmission line method, infinite sea model
(according to Section 2.2) and finite depth sea model (according to
Section 2.3). The data and results concerning the first two methods
have been reported in [10].

A single phase AC (60Hz) shielded cable carrying a current of
1A (RMS) and submerged in an infinite sea (having p; = 0.25Qm)
has been considered. The peak values of electric and magnetic field
versus the radial distance from the cable axis calculated according to
the above mentioned four different models are shown in Table 2 and
Table 3.

The results in Table 2 and Table 3 show an overall and fair
agreement for the electric field and a good agreement for the magnetic
flux density fields. It is also necessary to mention that the results
relevant to the first three methods (columns 2-4) have been obtained
under the assumption of infinite sea model while the results in column 5

Table 2. Electric field versus radial distance calculated according to
four different models.

. Radial Analytical-finite
Distance .. . . .
" bl FEM | transmission| Analytical-infinite depth sea model;
rom cable
) [WV/m]| line model | sea model [WV/m] (with p2 = 1Qm,
axis [m]
[V /m] d=10m) [uV/m]
0.1 190.8 202 199.3 220.5
0.2 165.8 178 175 196.4
0.5 132.5 145 142.9 164.6
107.7 121 118.8 140.7
82.5 96 95.1 117.3
49.5 65 64.5 87.6
10 24.7 43 42.8 66.7
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Table 3. Magnetic flux density field versus radial distance calculated
according to four different models.

. Radial Analytical-finite
Distance o . . .
FEM | transmission | Analytical-infinite | depth sea model;
from cable . )
. [uT] line model sea model [uT] (with p2 = 1 Qm,
axis [m]
[nT] d=10m) [uT]
0.1 0.946 0.957 0.943 0.926
0.2 0.480 0.478 0.471 0.471
0.5 0.191 0.191 0.189 0.189
1 0.097 0.096 0.094 0.094
0.048 0.048 0.047 0.047
0.019 0.019 0.019 0.018
10 0.0096 0.009 0.009 0.008

have been obtained by using a finite depth sea model, which explains
the differences with respect to the other methods (see also the results
in the next paragraph).

5. COMPARISON BETWEEN THE TWO DIFFERENT
ANALYTICAL CALCULATION MODELS

This section is devoted to present the comparison among the
results obtained by applying the different analytical EMF expressions
introduced in Section 2. At first, it is necessary to remark that
the two analytical models, previously introduced, are now applied by
considering more than one conductor. In fact, a typical submarine
power cable is composed by its three phase conductors carrying a
known constant and balanced current. In this case, the total field
is obtained by means of the superposition principle by adding the
three single contributions through the expressions given in Section 2.
The other conductors present in the cable, i.e., metallic sheath and
armouring, are coupled with the phase conductors and offer an
important shielding effect, and their presence is taken into account
by means of suitable shielding factors that have been described in
Section 3.

So, in order to have an idea of the performance offered by the
two different models in relation to the main physical and geometrical
parameters involved in the models, it is convenient to introduce the
per cent relative difference between the modulus of the field evaluated
according to the infinite sea model and finite depth sea model for both
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electric and magnetic fields, i.e.,
_ |E (y,Z)| B |El (yv Z)|

eEy (y,2) = B (2] 100 (22)
By (3.2) = L (j;', (—y7|f)l|(y, oo (23)

It is evident that a very important parameter is the sea water resistivity
p1, which depends on the water salinity and temperature and typically
ranges in the interval [0.25, 2] Qm. Other minor parameters are: the
seabed resistivity po, the laying depth d.

In the calculations, we shall consider a single core 132kV-50 Hz
tri-phase submarine cable with trefoil disposition of the conductors
and carrying a balanced current of 700 A: the distance among them is
72 mm and the shielding factor associated to the sheath and armouring
is § =0.5.

The phase conductors coordinates and relevant currents are given
in Table 4.

Table 4. Cable conductors coordinates and relevant currents.

conductor | y [m] | z [m] | Current modulus [A] | Current phase
C —0.036 | 0.036 700 120°
B 0 0.062 700 240°
A 0.036 | 0.036 700 0°

Figures 4 and 5 show, on the primary ordinate axis (on the left
and in logarithmic scale), the modulus of electric and magnetic flux
density field versus lateral distance from the cable evaluated at z = 1 m,
from the seabed level, for different values of sea water resistivity. On
secondary axis (on the right) the relevant per cent relative difference
between the results obtained by the two models is shown.

Figures 6 and 7 show, on the primary ordinate axis (on the left and
in logarithmic scale), the modulus of electric and magnetic flux density
field versus lateral distance from the cable for two different values of the
seabed resistivity. In particular, the value ps = 5 Qm corresponds to a
seabed mainly composed by sediments while the value ps = 1000 Qm
corresponds to a rocky seabed. On secondary axis (on the right) the
relevant per cent relative difference between the results obtained by
the two models is shown. The calculations have been performed for
two different heights with respect to the seabed level, i.e., z = 0.5m
and z = 5m.
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Figure 4. Electric field (primary ordinate axis) and per cent relative
difference (secondary ordinate axis) versus lateral distance from the
cable evaluated for different values of sea water resistivity; z = 1m,
seabed resistivity po = 5Qm, laying depth d = 10 m.
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Figure 5. Magnetic flux density field (primary ordinate axis) and per
cent relative difference (secondary ordinate axis) versus lateral distance
from the cable evaluated for different values of sea water resistivity;
z = 1m, seabed resistivity ps = 5Qm, laying depth d = 10 m.
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Figure 6. Electric field (primary ordinate axis) and per cent relative
difference (secondary ordinate axis) versus lateral distance from the
cable evaluated for different heights from seabed and different seabed
resistivity; sea water resistivity p; = 1Qm, laying depth d = 10 m.
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Figure 7. Magnetic flux density field (primary ordinate axis) and
per cent relative difference (secondary ordinate axis) versus lateral
distance from the cable evaluated for different heights from seabed
and different seabed resistivity; sea water resistivity p; = 1 Qm, laying

depth d = 10 m.
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Figure 8. Electric field (primary ordinate axis) and per cent relative
difference (secondary ordinate axis) versus lateral distance from the
cable evaluated for different laying depths; sea water resistivity p; =
1Qm, seabed resistivity po = 50m, z = 1m.

Figures 8 and 9 show, on the primary ordinate axis (on the left and
in logarithmic scale), the modulus of electric and magnetic flux density
field versus lateral distance from the cable by considering different
values for laying depth of the cable (or, equivalently, of the sea depth),
ie., d=10m, d = 50m, d = 100m. On secondary axis (on the right)
the relevant per cent relative difference between the results obtained
by the two models is shown. Values for p; and py are 1 Qm and 5 Qm,
respectively. The calculations have been performed at height z = 1m
from the seabed level.

By looking at Figures 4-9 we can do the following remarks:

1. EMF very rapidly decays with the distance from the cable.

2. All the cases studied show small differences between the infinite
sea model and the finite depth sea model in the regions near to
the cable, but, by increasing the distance from the cable itself, the
deviations between the results of the two models increase. Such
kind of trend is more pronounced for the electric field than for the
magnetic flux density field.

3. When the cable laying depth (or equivalently the sea depth)
increases, the discrepancies between the two models decrease,
which is intuitive because as the layer of sea water above the
cable increases, it tends to be more similar to an infinite thickness
layer. So, in case of shallow water, (typically close to the shore)
it is better to use the finite depth sea model.
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Figure 9. Magnetic flux density field (primary ordinate axis) and per
cent relative difference (secondary ordinate axis) versus lateral distance
from the cable evaluated for different laying depth; sea water resistivity
p1 = 1 Qm, seabed resistivity po = 5Qm, z = 1m.

On the whole, we can conclude that the two models give consistent
results.

6. CONCLUSIONS

In the frame of the environmental impact assessment of offshore wind
farms, we have presented and compared two different analytical models
for the calculation of ELF sub-sea electromagnetic field produced by
submarine power cables.

The two models have also been validated by means of a comparison
with FEM and radial transmission line model that gave a fair
agreement.

The first and simpler model describes the sea as an infinite,
homogeneous and isotropic medium while the second one, proposed
in this paper, more realistically, represents the sea as a homogeneous
layer of finite thickness between the air and the seabed.

From the comparison of the results relevant to the two models, it
appears that small differences exist between them in the regions close
to the cable, while, by increasing the distances from it, the deviations
between the two models become more significant especially for the
electric field.

Thus, the finite depth sea model is a more precise tool to predict
the level of under water EMF field generated submarine power cables
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especially in points not very close to the cable and/or in case of shallow
water; therefore, on the whole, it seems better to use the finite depth
model because more general than the infinite sea model.

The paper also gives suitable formulas to take into account of
the presence of the cable metallic sheath and armouring which act as
shielding structures with respect to the EMF field generated outside
the cable.

As a last remark, we notice that both FEM approach and the
analytical finite depth sea model are able to study more realistic sea
models but the latter is, without any doubt, simpler and can be easily
implemented by means of an easy computer program.
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