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ARTICLE INFO ABSTRACT
Keywords: The great expansion in offshore power plants is raising the concern regarding the cumulative effect of the
Magnetic field electromagnetic field emissions caused by submarine power cables. In this sense, owners are required to predict
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these emissions during the permitting and consenting process of new power plants. This is a challenging task,
especially in the case of HVAC three-core armored cables due to their complex geometry. Customarily, 2D
approaches based on the finite element method (FEM) have been employed for evaluating the magnetic field
emissions caused by these cables. However, inaccurate results are obtained since the phase conductors and
armor twisting is omitted. This work develops, for the first time in the literature, an in-depth analysis of
the magnetic field caused by this type of cable through an ultra-shortened 3D-FEM model, which is also
faced to experimental measurements taken on an actual 132 kV, 800 mm? three-core armored cable. Relevant
conclusions are derived regarding the impact of the cable design on the magnetic field emissions, including
material properties, as well as single and double-layer armors, presenting the proposed model not only as a
valuable tool for predicting purposes, but also for optimizing cable design in terms of magnetic field emissions.

1. Introduction (FEM) [11-14]. However, 2D approaches have inherent limitations
that strongly influence the results. First, they assume the power cores
(and the armor wires) as laid in parallel, although it is well-known

that this configuration leads to higher MF emissions than the twisted

The expansion of offshore wind power plants (OWPPs) worldwide
has significantly increased in the last decades, and is expected to

continue in the coming years [1,2]. The cumulative effect derived from
the increasing number of submarine power cables (SPC) is giving rise to
new scenarios with higher electromagnetic field (EMF) emissions over
a wider area [3]. This situation causes disturbances to marine life and
habitats, although there is a poor understanding of the long-term effects
that EMF emissions have on the marine environment, specifically those
created by SPC [4-6].

Presently, HVAC cables are the most extended EMF sources in
marine applications [2], although the main concern is regarding the
magnetic field (MF) emissions [7,8], since the electric field can be
shielded by grounding techniques. In this sense, it is a challenging
process to calculate the MF emitted by HVAC cables [8-10], espe-
cially in the case of three-core armored cables (TCACs) due to their
complex geometry, the material properties and, consequently, the elec-
tromagnetic interactions that take place inside them (induced sheath
currents, flux shunting into the armor wires and eddy currents), where
the relative twisting of power cores and armor wires has a key role.
These complex interactions have been customarily tackled through 2D
numerical simulations, mainly based on the finite element method
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case [15,16]. Second, they omit the longitudinal component of the MF,
so the mitigation effect caused by the armor twisting is not properly
evaluated.

Consequently, 3D geometries are required for a proper evaluation of
the MF emitted by TCACs. Analytically there have been proposals, but
without considering the effect of sheaths and armor [17]. Regarding nu-
merical methods, 3D-FEM simulations are customarily high demanding
due to the need of large computational resources [18-21]. This worsens
especially when trying to evaluate the MF emissions far from the cable,
since this strongly increases the size of the geometry to be simulated. In
this sense, the ultra-shortened 3D-FEM model (USM) presented in [22]
has drastically reduced these resources, with an overall simulation
time of about 1 min. This USM has been faced with experimental
measurements at power and harmonic frequencies, providing accurate
results regarding the cable sequence impedances, the induced sheath
current and total losses [23,24].

Thus, in this study, two real TCACs are considered for developing,
for the first time in the literature, an in-depth assessment on the
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performance of 3D-FEM simulations (particularly the USM) for predict-
ing the impact of TCACs on the marine environment in terms of MF
emissions, highlighting the main differences with 2D-FEM results. To
this aim, the performance of the USM is extensively assessed through
a number of MF measurements obtained in a laboratory setup under
different operating conditions. Then, an in-depth parametric analysis
is developed to show the impact of the cable design on the resulting
MF emissions around TCACs, including aspects never analyzed before
through 3D-FEM simulations, such as the relative twisting between ar-
mor wires and power cores, as well as the armor layout and its material
properties (e.g., single or double armoring, twisting direction, steel
wires combined with polyethylene (PE) separators, etc.). Eventually, an
application example is developed to show how the USM is a valuable
tool for developing new techniques that predict MF emissions, burial
depth or SPC detection/tracking [25-27].

2. Evaluating MF emissions through the USM

Due to the symmetries found in both the geometry and the elec-
tromagnetic field in a cable length equal to the “crossing pitch” (CP)
(distance where a phase conductor meets the same armor wire twice),
the length of the cable to be employed in 3D-FEM simulations (L) can
be as short as [22]

cp 1

L= —=—r—u 6))

where N is the number of armor wires, and L, and L, are the lay
length of the phases and the armor wires, respectively (being L, < 0
if twisted in different direction (contralay) and L, > 0 if twisted in
the same direction (unilay)). This is achieved by means of boundary
conditions with rotated periodicity, that match the magnetic vector
potential (4) at every point (x*, y*, z*) belonging to the source boundary
with its equivalent (x9,y?,z¢) at the destination boundary (Fig. 1)
when solving the electromagnetic problem

1 - -
V X <—V><A> + jocA =J,, (2)
M

A(xd,y4,2%) = Ay, 2, 3

being w the angular frequency, J, the external current density, and

and o the relative permeability and the electrical conductivity of the

material, respectively. Due to the rotational twisting of the geometry,

a linear coordinate transformation is applied to match the source
25 35 7S ~d zd zd

ex,ey,ez) and destination ex,ey,ez) coordinate systems through a

certain rotating angle 6 (Fig. 1), defined as

L
9 = ZT[L—‘ (4)

On the other hand, to avoid the use of large domains when com-
puting the MF values at a few meters from the TCAC, a non-linear
coordinate transformation is applied to the surrounding medium most
external layer (“infinite element domain” in Fig. 2), having the effect
of stretching it to almost infinity [28]. This way, the impact on the
computation burden is very limited.

This USM (implemented in COMSOL Multiphysics [28]) can be
solved in less than 1 min [22] in most of the cases, limiting the com-
putational burden when simulating other complex geometries never
analyzed before through 3D-FEM simulations, such as those combin-
ing steel wires and PE separators or double-layered armored cables.
All these cases, together with new features that extensively evaluate
the environmental impact of TCACs in terms of MF emissions, are
now included in the graphical user interface (GUI) developed recently
in [29] (called Virtual Lab). This tool, which is capable of reproducing
typical experimental setups usually employed for testing TCACs (with
a consequent reduction of cost), serves as a perfect platform for the
analysis and optimization of the cable design in terms of power losses,
electrical parameters and MF emissions.

Electric Power Systems Research 213 (2022) 108701

Source boundary
(&°5%2%)

R )
»
)

~—

)
’ =>d
1

Destination boundary
(xd’ e, Zd)

~3 -

Fig. 1. USM: Boundary conditions for applying rotated periodicity in TCACs.
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Fig. 2. Simulation domains.

2.1. Comparison with 2D-FEM simulations

There are two important differences in how 2D-FEM and 3D-FEM
models evaluate the electromagnetic interactions inside TCACs. On one
hand, 2D geometries assume that the phase conductors, sheaths and
armor wires are laid in parallel, leading to higher MF emissions than the
twisted configuration, especially at far distance from the cable (solid
lines in Fig. 3, obtained for the three conductors of a 132 kV, 800 mm?
TCAC through the analytical formulation proposed in [16], which omit
the effect of sheaths and armor).

On the other hand, the longitudinal component of the MF is omitted
in 2D-FEM models, so that the MF flux lines are confined to a plane
perpendicular to the cable axis (Fig. 4a, represented in 3D for untwisted
armor wires and power cores for better visualization). Conversely, if
twisting is considered (Fig. 4b) the flux lines follow a helical path,
flowing longitudinally mainly through the armor wires. This enhances
the mitigation effect caused by the flux shunting mechanism, giving rise
also to higher eddy currents inside the armor wires (although this has
a limited impact on the resulting MF emissions). As a result, a higher
mitigation effect is obtained for the 3D (twisted) case than for the 2D
approach, as shown in Fig. 3, where the MF emission derived from
the USM and 2D-FEM simulations for a 132 kV, 800 mm?2 TCAC are
represented (dashed lines, where the effect of sheaths and armor is now
included). As can be seen, greater differences are observed between the
black and red dashed lines, mostly at a certain distance from the cable.
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Fig. 3. MF obtained with the formulation of [16] for three 800 mm? twisted and
parallel conductors, and with the USM and 2D-FEM simulations for a 132 kV, 800 mm?
TCAC (phase current of 745 A).
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Fig. 4. Magnetic flux lines in (a) untwisted and (b) twisted TCACs.

These results highlight the importance of a powerful 3D analysis for a
proper evaluation of the MF levels around TCACs.

3. Case studies

Two HV real TCACs are employed in this work with the two-fold
aim of validating the USM through MF experimental measurements
and developing an in-depth parametric analysis to show those design
parameters that most influence the MF emitted by TCACs. Table 1
summarizes their main dimensions and properties, being V, the rated
voltage, I,,,, the rated current, .S, the cross-section, D, the conductor
diameter, D,, D,,.. and D, the outer diameter of sheaths, power cores
and armor, respectively, ¢, the sheath thickness and d, the armor wire
diameter. Both cables have copper conductors and are lead sheathed.
Sheaths in solid-bonding (SB) are usually preferred in offshore wind

Electric Power Systems Research 213 (2022) 108701

Table 1

Main dimensions and properties of TCAC analyzed.
Parameter Cable 1 Cable 2 Parameter Cable 1 Cable 2
v, (kV) 132 220 N 114 110/119
I (A) 732 655 L, (m) 3.5 3/23
S, (mm?) 800 500 L, (m) 2.8 3.5
D, (mm) 35 26.2 Armor twist contra. contra./uni.
D, (mm) 87.6 83.4 T, CC) 5 20
¢, (mm) 3.7 2.9 6, (MS/m) 51 59
D,,. (mm) 92.4 89.2 o, (MS/m) 4.5 4.5
D, (mm) 214.6 211/228 o, (MS/m) 5.2 4.03
d, (mm) 5.6 5.6/5.6 4, Fig. 5 300
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Fig. 5. Complex relative permeability for a LG steel.

farms, but single-point (SP) configuration is also considered in some
studies. Table 1 also includes the material properties considered for
each layer, being o,, o, and o, the electrical conductivity for the
conductors, sheaths and armor wires, respectively. In addition, a non-
linear complex permeability (u, = u/ — ju!') is considered for Cable 1
(Fig. 5), corresponding to that of a low-grade steel (LG) [30], while a
real value of 300 is considered in Cable 2 for simplicity. Eventually, as
in laboratory conditions, it is assumed that tests are performed during
short periods, so the cable temperature is mostly uniform and close to
Tamh'

It should be noted that Cable 1 has a single steel-layered armor (StS)
in contralay configuration, while Cable 2 is doubled armored (StD),
being the inner armor in contralay and the outer one in unilay (both
having different values of N and L,). Nonetheless, the number of case
studies is further extended by considering a single-layered armor also
for Cable 2, assuming all the wires made of steel (StS) or combined with
PE separators (St+PE) (Fig. 6). The case of a non-magnetic armor (y, =
1, StA) is also considered, although it is equivalent to an unarmored
cable, as will be discussed later.

4. Experimental validation of the USM

During the tests developed in [31], the authors of this work had the
opportunity of taking MF measurements on Cable 1 that are here em-
ployed for the experimental validation of the USM. As shown in Fig. 7,
the cable was suspended at 1.24 m above the ground. Measurements
were taken for 50 Hz and 120 Hz at different heights and distances
from the cable axis (measurement lines ML1, ML2, ML3 and ML4) with
a 3-axis EMDEX II MF meter, having a resolution of 0.01 uT in the
range from 0.01 to 300 uT at power frequency.

Thus, for 50 Hz, a phase current of 745 A and sheaths in SP, all
measured and computed MF values at every point in ML1 to ML4
are represented together in Fig. 8 as a function of the distance to the
cable axis (logarithmic scales employed in MF and horizontal axes for
better visualization). The relative differences between measurements
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Fig. 8. SP (50 Hz, 745 A): Measured and computed MF values at different distances
from Cable 1 axis, including its relative difference.

and simulations are also provided in the secondary axis. Similarly,
Fig. 9 represents the results for both 50 Hz and 120 Hz when sheaths
are in SB (phase currents of 745 A and 304 A, respectively).

As can be seen, besides all possible uncertainties inherent to ex-
perimental setups (deviations in material and geometrical parameters,
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Fig. 9. SB: Measured and computed MF values at different distances from Cable 1 axis
for (a) 50 Hz (745 A) and (b) 120 Hz (304 A), including its relative difference.

Table 2
Cable 1 (SB): Measured, calculated and relative difference in
the sheath current values.

50 Hz (745 A)

120 Hz (304 A)

Measured (A) 187 136
USM (A) 186.3 138.9
Difference (%) -0.37 2.13

sampling errors, etc.), there is a reasonably good match between mea-
surements and simulation results, with relative differences being below
20% in most of the cases, although it increases with the distance. These
differences are a consequence of two main factors. On one hand, due
to the resolution of the MF meter, which is in the same order of the
MF levels to be measured at far distance from the TCAC (0.01 uT).
On the other hand, due to a small imbalance observed in the phase
currents (I,) during the experimental tests, as reported in [31]. This
disturbs the MF distribution in both the SP and SB cases, giving rise
in the latter case to a small imbalance in the sheath current, as well
as a net current (below 3 A) flowing through the armor. In any case,
relative differences below 3% were observed in the sheath current, as
summarized in Table 2.

Having all this in mind, it can be concluded that the USM is accurate
enough for the analysis of the MF distribution caused by TCACs.
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Fig. 10. Cable 1: Impact of L, and L, on (a) the MF at 0.5 from the cable and (b)
the induced sheath current.

5. Influence of cable design on the MF

Through the USM, an in-depth parametric analysis is developed next
for Cable 1 to show how the cable design influences the MF emissions at
0.5 m from the TCACs axis (all parameters remain as in Table 1 unless
they are selected for the analysis).

5.1. Conductor and armor twisting

The impact of L, and L, on the MF levels at 0.5 m from Cable 1
axis are shown in Fig. 10a. It can be seen that lower MF emissions are
obtained by increasing the relative twisting between the armor wires
and the phase conductors (shorter values for L, and L), especially due
to L,. Conversely, the impact of L, depends on the twisting direction,
having almost no influence in the unilay case. In any case, noticeably
lower MF values are derived for a cable in contralay configuration
(about half of those of the unilay case), since this encourages both the
flux shunting into the armor wires and the induced sheath currents
(Fig. 10b). Due to these results, in the following only the contralay
configuration is considered for the analysis.

However, it is important to notice that, although decreasing L, and
L, results in lower MF emissions, this also leads to higher power losses
in the armor and sheaths, and hence higher cable resistance (R), as
is shown in Fig. 11 (vertical axes not to scale for better visualization),
where a similar impact is observed also on the cable inductive reactance
(X). Therefore, cable designers must observe a balance between these
opposite effects.
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5.2. Material properties of the armor wire

The properties of the armor wires have a key role when minimizing
MF emissions in TCACs. Thus, Fig. 12 shows how a great reduction is
obtained in the MF values at 0.5 m from Cable 1 as u, increases, as
expected, since this parameter enhances the flux shunting mechanism.
Conversely, the effect of o, is only noticeable when y, > 300. Nonethe-
less, as in the preceding analysis, this also results in higher values for R
(losses) and X, so an appropriate optimization of the armor properties
would be required.

5.3. Sheath and armor dimensions

The impact of sheaths and armor dimensions on the MF levels at
0.5 m from Cable 1 is represented in Fig. 13a, where different values are
considered for ¢, d, and N (N varies accordingly with d, to keep the
distance between the wires constant). As can be seen, the MF caused by
Cable 1 can be reduced by increasing the total cross-section in sheaths
and armor (higher values for 7, and d,), since this enhances the flux
shunting effect while increasing I, also. However, this also leads to
higher values in R (losses), although X tends to decrease with these
parameters (Fig. 13b).
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Table 3
Influence of material and geometrical parameters on MF
emissions, R, X, and I (contralay).

MF R X I,
VL, 1 ) 1 T
VL 3\ T 1 T
|l o, | ~ ~ ~
tou, 2 T 1 T
11, ! T 4 T
td, (I N) 4 T 1 T

As a conclusion, Table 3 summarizes, for the contralay configura-
tion, the impact of the main material and geometrical parameters on
reducing the MF emissions in TCACs, as well as side effects on R, X
and I,.

5.4. Armor layout

The armor layout strongly influences the MF emitted by TCACs, as
shown in Fig. 14, where it is represented the MF distribution obtained
when different types of armor layouts are employed in Cable 2 (the
most external armor is removed for the non-double-layered cases,
and half of the armor wires are removed for the St+PE case). The
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performance, in terms of MF reduction, provided by each armor layout
can be quantified through the shielding factor, defined as

SF R
B

)

where the MF distribution caused by the unarmored cable (B,) is taken
as the reference to evaluate the resulting MF (B) obtained through the
other configurations (StA, St+PE, StS and StD).

Results are represented in Fig. 15, where it can be seen a SF = 1
for the StA armor (u, = 1), meaning that the MF levels provided by
this case and the unarmored configuration are virtually the same, even
though the former has a conductive steel armor. This is because in the
non-magnetic armor there is no flux shunting effect and, moreover,
eddy currents are negligible. Conversely, the St+PE configuration re-
duces the MF in 1.4 times, and the StS case in 2 times, although the
greatest reduction is observed for the StD case with SF =2.7.

Therefore, as expected, the StD case is the best choice in terms
of reducing MF emissions in TCACs due to the higher number of
ferromagnetic steel wires. In contrast, as commented earlier, a greater
value in N increases the cable electrical parameters and the induced
sheath current from the StA to the StD cases, as observed in Table 4.
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Table 4
Cable 2 (SB): Sheath current, series resistance and reactance for different armor layouts.
StA St+PE StS StD
Sheath current (A) 82.2 97.3 107.2 109.4
Resistance (m€/km) 53.3 60.63 63.18 64.45
Reactance (mQ/km) 133.2 138.6 143.7 144.6

6. Evaluation of MF emissions along the cable route

The benefits of the USM can be easily employed for the evaluation
of the environmental impact, in terms of MF emissions, of a particular
TCAC along the whole cable route. To this aim, a parametric study
can be developed through the USM for obtaining different MF-distance
profiles for a range of phase currents (Fig. 16). From all these data, an
approximate expression can be derived (B/;), through a curve-fitting
technique, to evaluate the MF at any distance from the TCAC (r) as a
function of the phase current, in the form of

Bfit (1T) = lo[kl -exp(ky-log)o(r))+k3-exp(ky-logio(r)] ,

©

being

ki =oy - 1% + g, i =1,2,3,4. @

The values for coefficients «,;, a,; and a3; are illustrated in Table 5 for
Cable 1 in contralay and unilay configurations. The results derived from
the USM (By ;) and the proposed expression for different phase cur-
rents and armor twisting have a very good match ( Fig. 16, logarithmic
scales are employed for clarity), where the corresponding coefficient of
determination, R?, is included to show the goodness of the adjustments.
Some of these results are also summarized in Table 6 (for the contralay
case) to show how the relative differences (¢) between By ), and B
are well below 10% in all the cases.

Using this procedure, the MF emissions in the subsea environment
can be obtained for different situations, such as cable loading, burial
depth, cable design, etc. Fig. 17 shows an example of application for
Cable 1, representing the MF levels at the seabed surface for both,
contralay (Fig. 17a) and unilay (Fig. 17b) configurations, including
variations in the cable burial depth. As expected, higher MF values are
observed for the unilay case, that almost double those of the contralay
configuration. On the other hand, hot spots are also highlighted in both
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Table 5
Coefficients for evaluating MF emissions in Cable 1 for contralay and unilay configurations.
Contralay Unilay
K k, k, k, ks k,
ay; -1.376 -1.275 -2.998 -1.08 3.817 4.885 —3.542
ay; —0.4061 —0.4346 0.02313 —-0.3657 —0.3319 0.01328 0.05577 —0.4098
a3, -0.7711 2.479 -12.93 -0.4041 —0.7132 -1.723 -5.383 —-0.3957

Table 6

Cable 1 (contralay): Computed and fitted MF values, and their relative differences, at different distances from the cable axis and phase
currents (superscripts in Amperes).

r (m) 0.15 0.5 1 1.5 2 2.5 3 4 5

B, (uT) 23.08 1.81 0.30 0.076 1.99-1072 5.26:107 1.60-107 1.39-107* 1.48:107°
B (uT) 22.31 1.85 0.31 0.074 1.98-1072 5.58:107 1.63-107 1.48-107* 1.42:107
£ (%) -3.3 2.4 4.5 -1.6 -0.4 6.0 1.9 6.7 -4.2
B)%  (uT) 55.05 4.34 0.72 0.181 0.048 1.26:10°2 3.84-1073 3.33-10™* 3.44.10°
B (uT) 57.39 4.60 0.76 0.179 0.048 1.34-1072 3.90-107? 3.48.107 3.25-107°
£'% (%) 4.3 5.9 5.7 -1.0 -0.1 6.2 1.6 4.6 -5.6
B (uT) 212.88 16.95 2.81 0.708 0.186 4.93-1072 1.50-1072 1.30-107 1.36-107*
B (uT) 215.55 17.79 2.92 0.692 0.185 5.24-1072 1.53-1072 1.38-107 1.28-107*
€50 (%) 1.3 4.9 4.0 -2.2 -0.6 6.3 2.2 5.5 -6.0
B, (uT) 379.61 30.40 5.04 1.27 0.334 8.85-1072 2.69-1072 2.34-1073 2.47-107*
B (uT) 388.70 32.18 5.26 1.24 0.333 9.45.1072 2.77-1072 2.49-1073 2.32:107*
% (%) 2.4 5.9 4.3 -2.1 -0.4 6.8 2.9 6.5 -6.2

cases, indicating those sections where the cable is closer to the seabed
surface (shorter burial depth). Therefore, this tool helps not only in
evaluating the environmental impact in terms of MF emissions, but
also in developing new techniques for detecting/tracking buried cables,
detecting exposed sections or burial depth estimation.

7. Conclusions

This paper makes an in-depth analysis of the MF generated by
TCACs, including the effects of cable design on the resulting MF emis-
sions. To this aim, 3D-FEM simulations are performed through the
USM proposed in previous studies, since 2D-FEM simulations lead to
inaccurate results derived from the omission of the armor and con-
ductor twisting. The accuracy of the USM is first evaluated through
MF experimental measurements taken for an actual 132 kV, 800 mm?
TCAC, resulting in relative differences typically below 20% despite
typical uncertainties in measurements and input data.

Once validated, the USM is employed for analyzing the impact of the
main geometrical and material parameters on the MF values at 0.5 m
from the cable. Results show how the MF levels reduce with the power
core twisting (shorter lay length) and the armor permeability. Both
parameters also influence the induced sheath currents, that together
with the sheath thickness increase the mitigation effect and, hence,
reduce the MF levels.

Regarding the armor, it is observed that contralay configuration
generates less MF than unilay, being this aspect much more influencing
than the lay length of the armor. The number and diameter of armor
wires also help in reducing the MF emissions. In this sense, it is
also observed that the armor layout strongly influences the results.
Thus, a TCAC where non-magnetic steel wires are employed in the
armor behaves like an unarmored cable, while the MF can be reduced
in 1.4 times (compared with the unarmored cable) if a single-layer
armor combines magnetic steel wires with PE separators. However, the
best results are obtained when fully steel-wired armors are employed,
especially in the case of double-layered armors, leading to MF values
2.7 times lower than in the unarmored case.

Finally, through an application example, it is shown how the USM
is a valuable tool for evaluating the environmental impact caused by
TCACs in terms of MF emissions, providing remarkable information

for obtaining a proper cable design. Moreover, this tool also serves as
a platform for the development of new techniques devoted to cable
tracking, detection of exposed sections or burial depth estimation.
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