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ABSTRACT Circulating- and eddy-current losses occur in non-magnetic screens and armors of three
medium-voltage (MV) single-core cables installed in trefoil formation, where they are bonded and earthed
at both ends. According to IEC 60287-1-1, eddy-current losses in non-magnetic screens and armors should
be neglected, whereas the technical brochure CIGRÉ TB 880 recommends that these losses should always
be taken into account. For the considered screen bonding design, a reliable quantitative separation of
circulating- and eddy-current losses is therefore essential. Such a separation cannot be performed accurately
while simultaneously using experimental methods alone, but it can be achieved through a combination of
analytical modeling and finite element method (FEM)-based electro–magneto–thermal simulations. This
paper proposes and applies a new hybrid FEM-based procedure for the quantitative determination of
circulating- and eddy-current losses inMV cables. Themethod is applied to Cu/XLPE/CTS/PVC/AWA/PVC
1/C 19/33 kV (BS 6622) cables with twelve different conductor cross-sections. The accuracy of the proposed
procedure is verified by comparisons with IEC-based analytical calculations that account for eddy-current
losses in accordance with the technical brochures CIGRÉ TB 272 and CIGRÉ TB 880. The FEM-based
electro–magneto–thermal models are calibrated and validated using experimental data already published for
PL 1 × 300 RM 6/10 kV cables. The developed calibration strategy represents another novelty. The results
demonstrated that, for the BS 6622 cables with conductor cross-sections ranging from 70 to 1000 mm2,
the screen and armor eddy-current loss factors lie within the ranges 0.00094–0.03625 and 0.00719–0.1951,
respectively. The deviations between the FEM- and IEC-based eddy-current loss factors range from−6.398%
to 5.302%, demonstrating a very good agreement.

INDEX TERMS Circulating-current loss factor, eddy-current loss factor, finite element method (FEM),
screen bonding design, single-core power cable, trefoil formation.

The associate editor coordinating the review of this manuscript and

approving it for publication was Yun Seng Lim .

I. INTRODUCTION
There are several analytical models for calculating
eddy-current loss factors for the case of three single-core
cables in trefoil formation with non-magnetic screens and
armors bonded and earthed at both ends. However, the
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available models can generally be categorized as follows:
(i) precise or approximate, but computationally complicated
[1], [2]; (ii) simple but relatively imprecise, yet standardized
by the International Electrotechnical Commission (IEC) [3],
[4]; and (iii) precise and simple, but not included in the
relevant IEC standard [5], [6]. For a design without armors
and with screens bonded and earthed at both ends, the com-
mon practice for including eddy-current losses in analytical
procedures is as follows. Firstly, the circulating-current loss
factor is calculated for the design where screens are bonded
and earthed at both ends. Secondly, the eddy-current loss
factor is calculated for the design where screens are bonded
and earthed at one end. Finally, these two loss factors are
summed to obtain the total loss factor used in ampacity
calculations [3], [6].

However, according to [7], separate calculation of
circulating- and eddy-current losses in order to obtain total
losses may lead to a large error, reaching almost twice the
actual loss value. Moreover, another principle is reported in
the literature [8], [9]: eddy-current losses can be obtained as
the difference between measured total screen losses and cal-
culated (or measured) circulating-current losses, after which
the corresponding loss factors can be determined. Further-
more, for the considered design, the IEC-based ampacity
calculation procedure ignores the thermal effect of eddy-
current losses [3]; nevertheless, this does not constitute a
deviation from the above-mentioned principles. In addition,
experimental procedures used for determining the total loss
factor rely on the second principle [1], [8], [9], [10].

A similar principle should also be applied in finite element
method (FEM)-based procedures [11], [12], [13], but no such
procedure has been developed yet. FEM-based procedures
are needed owing to the fact that current distributions in the
conductors and screens of power cables are non-uniform in
most practical cases [8]. Another important reason is that
FEM-based modeling is generally more accurate than purely
experimental or analytical approaches, as well as their com-
binations. The absence of a FEM-based procedure that can
quantitatively separate eddy-current losses from the circulat-
ing ones therefore motivates the present research.

According to the historical perspective presented in [14],
the basic analytical models to calculate the circulating- and
eddy-current losses in metallic screens of power cables were
established during the late 1920s and early 1930s. That
historical survey reviewed publications dealing with exper-
imental or analytical determination of circulating- and/or
eddy-current loss factors from the 1920s until late 1996.
According to [13], in that period only Labridis and Dokopou-
los [12] addressed FEM-based determination of loss factors.
In addition, the review paper [15] incorporated the historical
perspective from [14] and analyzed the literature on magnetic
field effects and loss factor calculations until 2021. From that
review, only [16] can be singled out as a reference where
FEM was applied to determine losses due to circulating and
eddy currents in non-magnetic screens. In contrast, a sig-
nificant number of FEM-based studies published until 2021

considered the same problem primarily for cables with mag-
netic screens [17], [18], [19]. A review of relevant research
papers published from 2021 onwards is provided in the fol-
lowing two paragraphs.

A 3D FEM-based procedure for in-depth analysis of elec-
tromagnetic interactions in actual three-core armored power
cables – considering aspects that are neglected under IEC
assumptions – was utilized in [20]. The procedure was tested
on more than 700 cable arrangements, showing differences
below 5% for conductor and screen losses and below 20% for
armor losses, when compared with corresponding IEC-based
and experimental results [20]. A hybrid procedure combin-
ing FEM and IEC standard formulas for power cables with
Milliken conductors was proposed in [21], with deviation
in conductor losses of less than 1% relative to IEC-based
calculations [21]. In addition, losses in copper conductors and
aluminum armor of a three-core power cable were determined
analytically in [22], and the obtained results were compared
with those generated by FEM- and IEC-based procedures.

A simple and effective 2D FEM-based model for analyz-
ing low-frequency magnetic fields generated by single-core
power cables with copper screens bonded and earthed at both
ends (in both trefoil and flat formations) was proposed in [23].
In addition to magnetic flux density profiles computed at
various heights above the Earth surface, the influence of
copper screens on magnetic field reduction was also analyzed
in [23]. FEM-based simulations and experimental investiga-
tions of the thermal behavior of power cables in unfilled
ducts were conducted in [24]. The FEM-based simulations
provided conductor and screen temperatures that agree well
with the corresponding experimental data and can be further
used to determine associated losses [24]. A similar FEM-
based thermal analysis of single-core power cables with
aluminum screens bonded and earthed at both ends was
presented in [25], which was also supported by appropriate
experimental data. Based on the literature review, for the
considered screen bonding design it is evident that a hybrid
FEM-based procedure enabling quantitative separation of
eddy-current losses from the circulating ones has not been
established. This paper addresses the identified research gap.

In particular, this paper proposes a hybrid FEM-based pro-
cedure that combines: (i) an IEC-based analytical modeling
approach, accounting for eddy-current losses in accordance
with CIGRÉ TB 272 and CIGRÉ TB 880, and (ii) FEM-based
electro–magneto–thermal modeling. The same IEC-based
analytical modeling is also used as a reference procedure
to verify the accuracy of the proposed one. Circulating-
and eddy-current losses in metallic screens and armors are
calculated for twelve different medium-voltage (MV) cables
of the type Cu/XLPE/CTS/PVC/AWA/PVC 1/C 19/33 kV
(BS 6622), with compacted stranded copper conductors the
cross-sections of which range from 70 mm2 to 1000 mm2,
using both the reference analytical procedure and the pro-
posed hybrid FEM-based procedure. It is assumed that three
MV single-core cables of the given type are laid directly in
the soil in trefoil touching formation, with copper screens
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and aluminum armors bonded and earthed at both ends. The
analytical and FEM-basedmodels used, as well as all assump-
tions introduced, follow relevant IEC standards [3], [26], [27],
[28], CIGRÉ technical brochures [5], [6], BS standards [29],
and research papers that discuss the application of those IEC
and BS standards [4], [30]. For the considered screen bonding
design, eddy-current losses are separated quantitatively from
circulating-current losses.

The proposed hybrid FEM-based procedure is calibrated
and validated using existing experimental data for three
PL 1 × 300 RM 6/10 kV cables in trefoil non-touching
formation, with stranded copper conductors of 300 mm2,
mass-impregnated (MI) paper insulation, and lead sheaths.
The experimental data are taken from [9], while all FEM-
based electro–magneto–thermal simulations are performed in
COMSOL [31]. The calibration is carried out in seven steps.
Furthermore, the difference betweenmeasured and calculated
total sheath losses is found to be 2.688%, and, in general,
small deviations are obtained with respect to the experimental
data reported in [9].
Following the abstract and introduction, this paper presents

the computational domains, material properties, and service
conditions (Section II), mathematical modeling (Section III),
calibration of FEM-based models (Section IV), results and
discussion (Section V), and conclusions (Section VI). A list
of references is provided at the end of the paper.

II. COMPUTATIONAL DOMAINS, MATERIAL PROPERTIES
AND SERVICE CONDITIONS
This paper considers the following 40 m × 40 m computa-
tional domains:

• A domain with a 10 kV underground line consisting
of three PL 1 × 300 RM 6/10 kV cables in tre-
foil non-touching formation that corresponds to an
experimental circuit used in [9] and Figure 1a – First
Computational Domain.

• A domain with a 33 kV underground line consisting of
three Cu/XLPE/CTS/PVC/AWA/PVC1×300RMC/25
19/33 kV cables, installed in trefoil non-touching for-
mation according to Figure 1a – Second Computational
Domain.

• A domain with a 33 kV underground line consisting of
three Cu/XLPE/CTS/PVC/AWA/PVC1×300RMC/25
19/33 kV cables in trefoil touching formation that cor-
responds to a computational domain used in [4] and
Figure 2a – Third Computational Domain.

• 11 additional domains each containing a 33 kV
underground line with three cables of the type
Cu/XLPE/CTS/PVC/AWA/PVC 1/C 19/33 kV in tre-
foil touching formation according to Figure 2a and con-
ductors of rated cross-section different from 300 mm2.

Construction elements of the PL 1 × 300 RM 6/10 kV
cable are shown in Figure 1b, while construction elements
of the Cu/XLPE/CTS/PVC/AWA/PVC 1 × 300 RMC/25
19/33 kV cable are shown in Figure 2b. Figures 1a and 2a

FIGURE 1. First computational domain with a 10 kV underground line
consisting of three PL 1 × 300 RM 6/10 kV cables in trefoil non-touching
formation and construction elements of the PL 1 × 300 RM 6/10 kV cable.
First computational domain corresponds to an experimental circuit used
in [9].

FIGURE 2. Third computational domain with a 33 kV underground line
consisting of three Cu/XLPE/CTS/PVC/AWA/PVC 1 × 300 RMC/25 19/33
kV cables in trefoil touching formation and construction elements of the
Cu/XLPE/CTS/PVC/AWA/PVC 1 × 300 RMC/25 19/33 kV cable. Third
computational domain corresponds to a series of computational domains
used in [4].

show First and Third Computational Domains, respec-
tively. Second Computational Domain can be obtained by
replacing the PL 1 × 300 RM 6/10 kV cables with the
Cu/XLPE/CTS/PVC/AWA/PVC 1 × 300 RMC/25 19/33 kV
cables in Figure 1a, while each of the 11 additional com-
putational domains can be obtained by replacing the BS
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6622 cables with cables of the same type and different
cross-section in Figure 2a. Accordingly, the second and addi-
tional computational domains are not illustrated separately.
The first three computational domains will be used for the
calibration of FEM-based models. For the experimental cir-
cuit used in [9], the installation depth of the PL 1 × 300 RM
6/10 kV cables is not provided, therefore it is assumed that
the installation depth to the center of the trefoil non-touching
formation L corresponds to that considered in [4], i.e., it is
L = 0.8m.

The external dimensions and boundary conditions for these
computational domains were chosen based on [3], [4], [28],
[30], and [31]. In addition, some dimensions of the PL 1×300
RM 6/10 kV cable were not given within the description
of the experiments in [9] and they were estimated based on
the data found in [32] and [33]. According to IEC 60228
[34], the maximum diameter of a round stranded copper
conductor with a rated cross-section of 300 mm2 should
be 23.1 mm. This is 0.5 mm less than the corresponding
diameter in Figure 1b. However, the maximum diameter
from Figure 1b can be considered possible because the
technology of cable conductor manufacturing in the 1920s
and 1930s was at a lower degree of precision than it is
today.

For the purposes of thermal finite element analyses in
COMSOL [4], [30], and [31], any MV cable of the type
Cu/XLPE/CTS/PVC/AWA/PVC 1/C 19/33 kV needs to be
modeled with an equivalent cable consisting of the cop-
per conductor, cross-linked polyethylene (XLPE) insulation,
equivalent/enlarged copper screen and outer polyvinyl chlo-
ride (PVC) sheath with outer radii r1, r4, r7 and r8,
respectively. For the Cu/XLPE/CTS/PVC/AWA/PVC 1×300
RMC/25 19/33 kV cable in Figure 2b, these outer radii are as
follows: r1 = 10.25 mm, r4 = 20.56 mm, r7 = 24.65 mm
and r8 = 27.25 mm. The equivalent cable construction
is created based on IEC 60287-1-1 [3]. In particular, the
semi-conducting XLPE screens of the conductor and insu-
lation are added to XLPE insulation, while the copper tape
screen, PVC bedding and aluminum wire armor are rep-
resented with an equivalent/enlarged copper screen. Since
the PVC bedding is added to the equivalent/enlarged cop-
per screen, it means that the thermal resistance of the PVC
bedding should be added to the thermal resistance of the
outer PVC sheath. Furthermore, the outer radii r2, r3, r5,
and r6 correspond to the conductor screen, actual insulation
layer, insulation screen and PVC bedding, respectively. The
procedure is described in [4].
Table 1 outlines the thermal, electrical, dielectric and mag-

netic properties of non-magnetic metals, insulation materials,
native soil and air used in IEC- and FEM-basedmodels. These
material properties are taken from the IEC 60287 standards
[3], [26], [27], professional literature [35], [36], and several
research papers [4], [30], [37]. The parameters appearing
in Table 1 are as follows: kt is the thermal conductivity in
W/(K·m); ρe is the electrical resistivity at 20 ◦C in n�·m;
α20 is the temperature coefficient of electrical resistivity at

20 ◦C in 1/K; εr is the relative electric permittivity; tan δ

is the loss factor for the insulation materials at a system
frequency f = 50 Hz; and µr is the relative magnetic
permeability. It is assumed that the relative electric permit-
tivity εr of non-magnetic metals is approximately 1, that
the relative magnetic permeability µr of all non-magnetic
materials is approximately 1, and that the native soil in
the computational domains (in Figures 1a and 2a, etc.) was
first dried-out and then normally moist, or only normally
moist.

TABLE 1. Thermal, electrical, dielectric and magnetic properties of
materials used for IEC- and FEM-based modeling.

Ampacity calculations are performed for PL 1 × 300
RM 6/10 kV cables and for Cu/XLPE/CTS/PVC/AWA/PVC
1/C 19/33 kV cables with conductor cross-sections ranging
from 70 to 1000mm2, in order to quantify eddy-current losses
in non-magnetic screens and armors of MV cables installed
in trefoil non-touching and trefoil touching formations. Ser-
vice conditions and constructional data for the MV cables
of the given types are taken from [4] and [9]. According
to [4] and [9], the following service conditions are analyzed:
cables installed directly in the soil, in trefoil non-touching or
touching formation, with non-magnetic metallic screens and
armors bonded and earthed at both ends or at one end; referent
soil or ambient temperature θrs = 20◦C or θrs = 15◦C;
thermal conductivity of the native soil kt,s = 0.4 W/(K·m)
for the dried-out state and kt,s = 0.833 W/(K·m) for the
normally moist state; and the current I = 100 A or the
ampacity Icp in A. The service conditions such as installation
of the PL 1× 300 RM 6/10 kV cables in trefoil non-touching
formation, θrs = 20◦C and I = 100 A correspond to the
experiments conducted in [9], while the remaining service
conditions are taken from the manufacturer’s technical doc-
umentation and they correspond to the IEC- and FEM-based
simulations with the BS 6622 cables performed in [4], or are
assumed for the purposes of the calibration of FEM-based
models.

III. MATHEMATICAL MODELING
A. IEC-BASED ANALYTICAL MODELING CONSIDERING
EDDY-CURRENT LOSESS
In this particular case, the cable ampacity (in A) should
be calculated based on IEC 60287-1-1 [3], IEC 60287-2-1
[26], CIGRÉ TB 272 [5], and CIGRÉ TB 880 [6] using the
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following formula:

Icp

=

{
θC,cp − θrs −Wd,l[0.5T1 + n(T2 + T3 + T4)]

RC [T1 + n(1 + λ1)T2 + n(1 + λ1 + λ2)(T3 + T4)]

}0.5
(1)

where θC,cp is the continuously permissible temperature of
a cable in ◦C (θC,cp = 70◦C for 10 kV MI paper-insulated
cables and θC,cp = 90◦C for XLPE-insulated cables); Wd,l
stands for the dielectric losses per phase and unit length of
one cable in W/m; T1 is the total thermal resistance of the
semi-conducting and insulation layers between a conductor
and its accompanying metallic screen in K·m/W; n is the
number of conductors in a cable; T2 is the thermal resistance
of the PVC bedding in K·m/W – for a BS 6622 cable only; T3
is the thermal resistance of the outer PVC sheath in K·m/W
– for a BS 6622 cable only; and T4 is the thermal resistance
of the surroundings in K·m/W. Other parameters used in this
formula are: RC maximum AC resistance of a conductor per
unit length at θC,cp = 70 ◦C or θC,cp = 90◦C in �/m (that
takes into account the skin and proximity effects), and λ1 and
λ2 are the screen and armor loss factors, respectively (in par-
ticular, λ1 or λ2 is the ratio of the total losses due to circulating
and eddy currents in one non-magnetic screen/sheath W1,l ,
inW/m, or armorW2,l , inW/m, to the losses in one conductor
WC,l , in W/m, respectively). The values of the maximum
AC resistance RC for the cables used are taken from the
manufacturer’s technical documentation, or estimated based
on those data according to IEC 60228 [34].

According to CIGRÉ TB 880 [6], the screen loss factor λ1
can be defined by

λ1 = λ′

1 + Fsλ′′

1 (2)

where λ′

1 is the screen circulating-current loss factor, λ′′

1 is
the screen eddy-current loss factor, and Fs is a correction
coefficient for the screen eddy-current loss factor. The screen
circulating-current loss factor λ′

1 is equal to zero for metallic
screens and armors bonded and earthed at one end [3].
According to IEC 60287-1-1 [3], CIGRÉ TB 272 [5] and

CIGRÉ TB 880 [6], the armor loss factor λ2 is

λ2 = λ′

2 + Farλ′′

2 (3)

where λ′

2 is the armor circulating-current loss factor, λ′′

2 is
the armor eddy-current loss factor, and Far is a correction
coefficient for the armor eddy-current loss factor. Although
the aluminum armors of Cu/XLPE/CTS/PVC/AWA/PVC 1/C
19/33 kV cables are made of wires, it is assumed that there
are losses due to eddy currents in such wires. This assumption
is based on the recommendation given in CIGRÉ TB 272 [5].
In addition, the screen circulating-current loss factor λ′

1
and the armor circulating-current loss factor λ′

2 are defined
by [6]:

λ′

1 = λ′

1,eq
Rar (θar )

Rs(θs) + Rar (θar )
(4)

and

λ′

2 = λ′

1,eq
Rs(θs)

Rs(θs) + Rar (θar )
, (5)

respectively. The meanings of the parameters appearing in
Equations (4) and (5) are as follows [3]:

λ′

1,eq =
Rs,eq

RC (θC,cp)
·

1

1 +

(
Rs,eq
X

)2 (6)

– the enlarged screen circulating-current loss factor;

Rs,eq =
Rs(θs)Rar (θar )

Rs(θs) + Rar (θar )
(7)

– the equivalent AC resistance of the metallic screen and
armor in parallel in �/m; Rs(θs) is the AC resistance of the
metallic screen per unit length of a cable at its maximum
operating temperature θs in�/m;Rar (θar ) is theAC resistance
of the armor per unit length of a cable at its maximum
operating temperature θar in �/m; and X is the reactance
of the equivalent/enlarged screen per unit length of a cable
in �/m. The reactance of the equivalent/enlarged screen is
calculated using the root mean square value of the mean
diameters of the metallic screen and armor [3], [4]. Since the
temperatures of the metallic screen and armor are functions
of the current, their values are obtained by an iterative method
in accordance with IEC 60287-1-1 [3]. In addition to this, the
screen eddy-current loss factor λ′′

1 is calculated in the same
manner as in [3] and [4].

Furthermore, the correction coefficient for the screen
eddy-current loss factor Fs is calculated by [3] and [6]:

Fs =
4M2N 2

+ (M + N )2

4(M2 + 1)(N 2 + 1)
(8)

where

M = N =
Rs(θs)
X

(9)

are appropriate coefficients for trefoil non-touching or touch-
ing formation.

It is assumed that the procedure for calculating the armor
eddy-current loss factor λ′′

2 is the same as the one for cal-
culating the screen eddy-current loss factor λ′′

1 . In this case,
the aluminum wire armor is modeled by a cylindrical layer
having the same mean radius and the same effective cross-
section. Accordingly, the value of the correction coefficient
Far is obtained using Equations (8) and (9) when Rs(θs) is
replaced by Rar (θar ).

Thermal resistance of the surrounding soil T4in K·m/W is
calculated by [26] and [35]

T4 =
1

2πkt,s
ln

[(
L
r8

+

√
L2

r28
− 1

)
d ′
SR

dSR

d ′
ST

dST

]
(10)

– for trefoil non-touching formation, or,

T4 =
1

2πkt,s
ln
(
2L
r8

+
L
r8

)
(11)
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– for trefoil touching formation. In Equation (10), the sub-
scripts R, S and T denote the phase cables R, S and T
in trefoil non-touching formation, respectively; where the
R-phase cable is the top cable in this formation. Further, in the
same equation, dSR is the axial spacing between the S and R
phase cables in m, dST is the axial spacing between the S and
T phase cables in m, d ′

SR is the axial spacing between the S
phase cable and the mirror image of the R phase cable (with
respect to the earth surface) in m, and d ′

ST is the axial spacing
between the S phase cable and themirror image of the T phase
cable in m.

All remaining parameters (Wd,l , RC , T1, T2 and T3) nec-
essary for calculating the cable ampacity using Equation (1)
are determined in accordance with the standards IEC 60287-
1-1 [3] and IEC 60287-2-1 [26], as well as Reference [4].
Although according to [3], dielectric losses should not be
taken into account for values of the phase-to-phase voltages
lower than or equal to 110 kV, the effect of these losses is
considered here to reduce potential error sources.

B. FEM-BASED ELECTRO-MAGNETO-THERMAL
MODELING CONSIDERING EDDY-CURRENT LOSESS
In this paper, the MV cables of the types PL 1 × 300 RM
6/10 kV and Cu/XLPE/CTS/PVC/AWA/PVC 1/C 19/33 kV
installed directly in the soils according to Figures 1a and 2a,
respectively, were chosen as the case studies. The dimen-
sions from Figures 1 and 2 and the material properties from
Table 1 were used as the input data to create two-dimensional
coupled electro-magneto-thermal models of the considered
underground cable lines.

In general, the spatiotemporal distribution of the elec-
tromagnetic and temperature fields over the computational
domain in Figure 1a or 2a for the case when theMV cables are
energized can be described by the system of Maxwell’s and
heat conduction equations in the following way [31], [38]:

∇ × H⃗ = J⃗C +
∂D⃗
∂t

(12)

∇ × E⃗ = −
∂B⃗
∂t

(13)

∇ · B⃗ = 0 (14)

∇ · D⃗ = ρq (15)

∇ · (kt∇θ ) + Qv = ρcp
∂θ

∂t
(16)

where H⃗ is the magnetic field strength vector in A/m; J⃗C
is the conduction current density vector in A/m2; D⃗ is the
electric displacement vector in C/m2; t is the time in s; E⃗ is
the electric field strength vector in V/m; B⃗ is the magnetic
induction vector in T; ρq is the volume charge density in
C/m3; kt is the thermal conductivity in W/(K·m); θ is the
temperature in K; Qv is the volume power of heat sources
in W/m3; ρ is the density in kg/m3; and cp is the specific
heat at constant pressure in J/(kg·K). Specifically, the con-
duction current density vector J⃗C represents the sum of the
source current density vector due to the differences in electric

potential J⃗S and the induced current density vector due to
time-varying magnetic fields J⃗E , while the partial derivative
∂D⃗/∂t represents the displacement current density vector due
to time-varying electric field.

To simplify the analysis of the coupled electro-magneto-
thermal field, the FEM-based modeling is based on the
following assumptions: (i) Except for the copper conductors,
copper screens, lead sheaths and aluminum armors, which
are nonlinear, isotropic and homogeneous, other blocks or
subdomains are linear, isotropic and homogeneous. (ii) Elec-
trical resistivity of the copper conductors, copper screens,
lead sheaths and aluminum armors is dependent on the tem-
perature, i.e., it is nonlinear. (iii) The temporal dependence
of electromagnetic field is time-harmonic, and heat transfer
processes are independent of time (in a steady-state). (iv)
The coupling between electromagnetic phenomena and heat
transfer processes is bidirectional. In this regard, for any
constant phase current or ampacity, an increase in the thermal
conductivity of the surrounding soils leads to a decrease in
temperatures of the metallic construction elements of MV
cables, which also reduces their AC resistances and accompa-
nying losses. (v) In the soils surrounding underground power
cables, moisture migrates under the influence of Earth’s
gravitational force, temperature gradient, capillary suction,
vapor diffusion and certain other ambient conditions [39],
[40], [41], [42]. Consequently, the thermal conductivity of
the native soil changes along the directions of the spa-
tial coordinates due to the different moisture contents. This
dependence was not taken into account for the reason that
the FEM-based ampacity calculation must correspond to the
analytical ampacity calculation based on IEC 60287-1-1 [3]
and must ensure safety of the FEM-based ampacities from an
engineering point of view.

Based on the previous assumptions, a quasi-steady-state
approximation of the Maxwell’s equations (12)-(15) and the
introduction of a vector magnetic potential A⃗ (in T·m) as

B⃗ = ∇ × A⃗, (17)

it can be assumed that the time-harmonic currents flowing
through the copper conductors induce circulating and/or eddy
currents in the lead sheaths, copper tape screens and alu-
minum wire armors [43].
In the considered cases, heat sources are resistive losses in

the conductors, screens, sheaths and armors due to the flows
of phase, circulating and eddy currents, as well as dielectric
losses in the insulation layers due to the square of the phase-
to-ground voltage. The dielectric losses were calculated in
accordance with [4] and used as input data for the finite
element analysis in COMSOL. Specifically, in these FEM-
based models, the blocks (i.e., subdomains) representing lead
sheaths, copper tape screens and aluminum wire armors are
defined as ‘‘coils’’, that is, as closed external electrical cir-
cuits or conductive paths (the External I vs. U feature within
the Electrical Circuit Interface of COMSOL). These closed
external electrical circuits for the case of an underground
line with the Cu/XLPE/CTS/PVC/AWA/PVC 1/C 19/33 kV

47246 VOLUME 14, 2026



M. Šućurović et al.: FEM-Based Quantification of Eddy-Current Losses for MV Cables

cables in trefoil touching formation are shown in Figure 3.
Each copper tape screen and each aluminum wire armor
has its own closed external electrical circuit containing one
variable resistor. All these circuits are bonded together and
earthed at one end directly and at the other one through
separate variable resistors. The resistance of any variable
resistor can be changed from zero to a certain maximum
value (>109�) to simulate an interruption in the screen or
armor circuit, that is, an interruption of the conductive path
for circulating currents in it.

FIGURE 3. Closed external electrical circuits of the copper tape screens
and the aluminum wire armors used in COMSOL for the case an
underground line consisting of three Cu/XLPE/CTS/PVC/AWA/PVC 1/C
19/33 kV cables.

The volume powers of heat sources in the metallic con-
struction elements of MV cables can be found by calculating
the transferred energy of the electromagnetic field [43]:

Qv = ∇ · [E⃗ · H⃗ ] (18)

When theMaxwell’s equations (12)-(15) are supplemented
with the following relationships [32], [43]:

D⃗ = εE⃗ = εrε0E⃗ (19)

B⃗ = µH⃗ = µrµ0H⃗ (20)

J⃗C = σe(θ )E⃗ (21)

the numbers of unknowns and equations are equal and
the system has a unique solution. In Equations (19)-(21), ε

is the electric permittivity in F/m, ε0 = 8.854 · 10−12 F/m
is the electric permittivity of vacuum, µ is the magnetic
permeability in H/m, µ0 = 4π · 10−7 H/m is the magnetic
permeability of vacuum, J⃗C is the conduction current den-
sity vector in A/m2, and σe(θ ) is the electrical conductivity
depending on the temperature θ in S/m.
Taking into account Equations (19)-(21), Equation (12)

becomes [38]:

∇ ×

(
1
µ
B⃗
)

= σe(θ )E⃗ +
∂(εE⃗)

∂t
(22)

When MV cables operate at 50 Hz, the conduction cur-
rent density is significantly higher than the displacement
current density. In this regard, the effect of the displacement
current density can be neglected owing to the fact that the rate
of change of the electric field strength (∂E⃗/∂t) is relatively
slow [38]. This means that the second term on the right

side of Equation (22) can be ignored. Accordingly, in two-
dimensional case studies, taking into account Equation (17)
and the assumptions introduced previously, the system of
governing equations (12)-(16) reduces to [43], [44], and [45]:

σe(θ )
∂A
∂t

− ∇ ·

(
1
µ

∇A
)

= JS (23)

∇ · (kt∇θ ) + Qv = 0 (24)

where A is a component of the vector magnetic potential
in T·m (A⃗ is a vector quantity in three dimensions, which
conveniently reduces to a scalar quantity A in two dimen-
sions), and JS is the source or applied current density due to
the differences in electric potential in A/m2. Equation (23)
corresponds to time-harmonic electromagnetic field, while
Equation (24) corresponds to steady-state heat transfer.

Since there are no magnetic materials in the considered
case studies, this means that there are only resistive losses.
Thus, the volume powers of heat sources in the metallic con-
struction elements of the consideredMV cables are calculated
using [31], [45]:

Qv =
j2

σe(θ )
= j2ρe(θ ) = j2ρe[1 + α20(θ − 20)] (25)

where j = JS , or

j = JE = −σe(θ )
∂A
∂t

(26)

is the induced current density in A/m2, ρe(θ ) = 1/σe(θ ) is
the electrical resistivity at the temperature θ in �·m, and θ is
the temperature of the metallic cable construction element in
◦C.
The boundary conditions referred to the magnetic field

must ensure the quick attenuation of the magnetic potential,
that is, set its tangential component to zero. Accordingly,
the homogeneous Neumann or magnetic insulation boundary
condition [31], [44]

n⃗× A⃗ = 0 (27)

is assigned to all external edges of the computational domains
in Figures 1a and 2a.

The boundary conditions needed to predict any tempera-
ture field distribution must correspond to the Neher–McGrath
method, which is incorporated in IEC 60287-1-1 [3]. In this
regard, the earth surface in the computational domains from
Figures 1a and 2a is represented by

θ = θrs (28)

– Dirichlet or constant temperature boundary condition.
While the left-hand, bottom and right-hand edges of these
computational domains are represented by

n⃗ · (−kt∇θ ) = 0 (29)

– homogeneous Neumann or adiabatic boundary condi-
tion [30]. In the given Dirichlet and Neumann boundary
conditions (27)-(29), θ is the unknown temperature of the
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boundary in K, θrs is the known temperature of the earth
surface in K, and n⃗ is the outwards-oriented normal vector
to the Neumann boundaries.

C. HYBRID FEM-BASED PROCEDURE
This section proposes a hybrid FEM-based procedure for
quantitative separation of eddy-current losses from the cir-
culating ones for the case of three single-core cables installed
directly in the soil, in trefoil non-touching or touching forma-
tion. It is assumed that copper tape screens (or lead sheaths)
and aluminum wire armors of those MV cables are bonded
and earthed at both ends or at one end, depending on the
rated cross-section of the conductor. The proposed hybrid
FEM-based procedure combines the IEC-based analytical
modeling from Section III-A with the FEM-based electro-
magneto-thermal modeling from Section III-B and consists
of the following five steps:
Step 1: IEC-based analytical calculation of the ampacity

Icp and the screen/sheath and armor loss factors λ′

1, λ′′

1 , λ′

2
and λ′′

2 in accordance with Section III-A for the MV cable
line from Figure 2a and the set of manufacturer’s service con-
ditions from Section II. In addition to the geometric details
provided in Figure 2a, the manufacturer’s service conditions
also include: screens/sheath and armors bonded and earthed
at both ends for the conductor cross-sections between 70mm2

and 630 mm2, and at one end for the conductor cross-sections
of 800 mm2 and 1000 mm2, θrs = 15◦ C and kt,s = 0.833
W/(K·m).
Step 2: FEM-based calculation of the total screen/sheath

and armor losses due to circulating and eddy currentsW1,l (in
W/m) and W2,l (in W/m), the maximum conductor tempera-
ture θC,max (in ◦C), the maximum screen/sheath temperature
θs (in ◦C) and the maximum armor temperature θar (in ◦C) in
accordancewith Section III-B. The calculation should be con-
ducted for the design where screens/sheaths and armors are
bonded and earthed at both ends, the IEC-based ampacity Icp
that was calculated in Step 1, and themaximumAC resistance
of a conductor RC that was taken from the manufacturer’s
data. Since the conductors of MV cables are geometrically
modeled (in FEM) as solid conductors with geometric cross-
sections, a calculation error that such an approach would
cause is avoided using the values for RC provided by the
cable manufacturer. This calculation step aims to ensure that
the maximum conductor temperature θC,max is equal or very
close to the continuously permissible temperature θC,cp.
Step 3: FEM-based calculation of the total screen/sheath

and armor losses due to eddy currents W ′

1,l (in W/m) and
W ′

2,l (in W/m), the maximum conductor temperature θ ′
C,max

(in ◦C), the maximum screen/sheath temperature θ ′
s (in

◦C)
and the maximum armor temperature θ ′

ar (in ◦C) in accor-
dance with Section III-B. This calculation should be carried
out for the design where screens/sheaths and armors are
bonded and earthed at one end, the IEC-based ampacity
Icp that was calculated in Step 1, and the maximum AC
resistance of a conductor RC that was used in Step 2. Such
an approach eliminates losses due to circulating currents in

the screens/sheaths and armors and results in a maximum
conductor temperature θ ′

C,max that is lower than the corre-
sponding temperature θC,max from Step 2. This further leads
to decreases in the maximum screen/sheath and armor tem-
peratures θ ′

s and θ ′
ar , which also affect their AC resistances

and the associated intensities of eddy currents. At the end
of this step, the eddy-current losses corresponding to the
maximum temperatures of conductors, screens/sheaths and
armors from Step 2 (namely: θC,max, θs and θar ) remain
unknown.
Step 4: Repeating the calculation of the parameters from

Step 3 assuming that the IEC-based ampacity Icp and themax-
imum conductor temperature θC,max are the same as in Step 2.
The necessary increases in the temperatures of the conduc-
tors, screens/sheaths and armors to values equal or very close
to those in Step 2 (θC,max, θs and θar ) should be achieved
by gradually increasing the ambient temperature θrs. In this
regard, it is assumed that a change in the ambient temperature
by a few degrees Celsius cannot change the conductor AC
resistance RC to any significant extent. At the end of this step,
for the design where screens/sheaths and armors are bonded
and earthed at both ends, the screen/sheath circulating-current
losses (W ′

1,l in W/m), the screen/sheath eddy-current losses
(W ′′

1,l in W/m), the armor circulating-current losses (W ′

2,l in
W/m) and the armor eddy-current losses (W ′′

2,l in W/m) are
calculated and separated quantitatively.
Step 5: Calculating the screen/sheath and armor loss fac-

tors (3′

1, 3′′

1 , 3′

2 and 3′′

2 – numerical values) based on the
screen/sheath and armor losses from Step 4 (W ′

1,l ,W
′′

1,l ,W
′

2,l
and W ′′

2,l) and comparing them with the screen/sheath and
armor losses from Step 1 (λ′

1, λ′′

1 , λ′

2 and λ′′

2 – analytical
values).

IV. CALIBRATION OF FEM-BASED MODELS
A. CALIBRATION STRATEGY
Experimental data reported in [9] are used to develop
and calibrate a reference FEM-based model that illus-
trates the distributions of circulating and eddy currents
in non-magnetic metallic screens and armors of three
Cu/XLPE/CTS/PVC/AWA/PVC 1 × 300 RMC/25 19/33 kV
cables installed in trefoil touching formation. The experiment
described in [9] was conducted using MV cables of the type
PL 1 × 300 RM 6/10 kV for the design in which the sheaths
were bonded and earthed at both ends. Although both cable
types have conductors with the same rated cross-section, their
constructions, insulation types, and rated voltages differ.

Furthermore, the experimental conditions reported in [9]
differ from the standardized service conditions adopted for
the analysis of BS 6622 cables in [4]. In particular, a tran-
sition from the computational domain shown in Fig. 1a to
that shown in Fig. 2a is required, and the accuracy and
consistency of the reference FEM-based model must be val-
idated under these modified conditions. Due to differences
in cable design, service conditions, and the unavailability
of certain experimental parameters, the calibration strategy
requires a larger number of steps than is typically necessary.
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Specifically, seven calibration steps are carried out, and they
are summarized below as performed in this study.
Calibration Step 1:
FEM-based calculations of distributions of temperature,

magnetic field strength, and conduction current density
are performed over First Computational Domain shown in
Fig. 1a. In addition, sheath and conductor losses (W ′

1,l , W
′′

1,l ,
W1,l and WC,l), sheath loss factors (3′

1, 3′′

1 and 31), maxi-
mum conductor temperature (θC,max), and maximum sheath
temperature (θs) are determined. The following input data
are used: phase current I = 100 A; trefoil non-touching
formation with an axial spacing of 0.098 m; rated phase-to-
phase voltage of 10 kV; and ambient temperature θrs = 20◦C,
corresponding to the experiment reported in [9]. In addi-
tion, a soil thermal conductivity 0f kt,s = 0.4 W/(Km)
and an installation depth of L = 0.8 m are assumed;
the conductor AC resistance is RC = 58.531µ�/m, esti-
mated according to IEC 60228 [34] while accounting for
the skin and proximity effects; and the volume power of
heat sources in mass-impregnated paper insulation is Qv =

194 W/m3, calculated in accordance with IEC 60287-1-1 [3]
and [4]. The assumption regarding the installation depth is
introduced based on the fact that the experiments reported
in [9] were performed very quickly to avoid any possible
effect of the thermal resistance of the surrounding soil on
circulating- and eddy-current losses in lead sheaths of the
three PL 1 × 300 RM 6/10 kV cables. This step represents
the reference point (that is, the basic model) of the calibration
strategy.
Calibration Step 2:
FEM-based calculations identical to those in Calibration

Step 1 are performed for the same computational domain,
with the soil thermal conductivity increased to kt,s = 0.833
W/(Km). This step quantifies the influence of the surrounding
medium on losses, loss factors, and maximum temperatures
of metallic cable construction elements.
Calibration Step 3:
The PL 1 × 300 RM 6/10 kV cables are replaced by

Cu/XLPE/CTS/PVC/AWA/PVC 1 × 300 RMC/25 19/33 kV
cables, resulting in Second Computational Domain similar to
the one shown in Fig. 1a. All FEM-based calculations from
Calibration Step 2 are repeated for this domain. The only
modification is the use of an appropriate volume power of
heat sources in XLPE insulation, equal to Qv =14.1 W/m3,
calculated for a phase-to-phase voltage of 10 kV. This step
quantifies the effect of changes in cable construction on
losses, loss factors, and maximum temperatures of metallic
cable construction elements.
Calibration Step 4:
The rated phase-to-phase voltage is increased from 10 kV

to 33 kV to account for the difference in rated voltages
between the cables tested in [9] and the BS 6622 cables.
This change is introduced by updating the volume power of
heat sources in XLPE insulation to 153.8 W/m3, while all
other parameters and routines remain identical to those in
Calibration Step 3.

Calibration Step 5:
The effect of cable spacing is examined by reducing the

axial spacing between cables, thereby transitioning from tre-
foil non-touching to trefoil touching formation. This results
in Third Computational Domain shown in Fig. 2a. All
FEM-based calculations are repeated using the parameters
from Calibration Step 4, except in the case of trefoil touching
formation.
Calibration Step 6:
FEM-based calculations are performed for Third Com-

putational Domain using an ampacity of Icp = 516.558A,
calculated according to IEC 60287-1-1 [3] and IEC 60287-
2-1 [26] for an ambient temperature of θrs = 20◦ C. This
step evaluates the influence of increased phase current on
losses, loss factors, and maximum temperatures of metallic
cable construction elements.
Calibration Step 7:
The same FEM-based calculations as in Calibration

Step 6 are carried out, but with the ambient temperature θrs
reduced from 20 ◦C to 15 ◦C. The corresponding IEC-based
ampacity is Icp = 534.713 A. This final step ensures full
consistency with the standardized service conditions used in
[4] and completes the calibration process.
The flowchart shown in Figure 4 summarizes all steps

considered necessary in the context of the proposed calibra-
tion strategy. The parameter W1,l,exp (in W/m) appearing in
the input symbol of the flowchart represents the measured
value of the total sheath losses due to circulating and eddy
currents for the PL 1 × 300 RM 6/10 kV cables. This is
the initial type of MV cables herein because it was used in
the experiments conducted in [9]. Another cable shown in
the flowchart is of the type Cu/XLPE/CTS/PVC/AWA/PVC
1 × 300 RMC/25 19/33 kV, which is used only in FEM-
based simulations. The first type of MV cables is equipped
with a metallic sheath only, therefore only the accompanying
losses and loss factors (W ′

1,l , W
′′

1,l , W1,l , 3′

1, 3′′

1 and 31)
can be calculated in Calibration Step 1. However, the second
type of MV cables contains a metallic screen and a metallic
armor; thus, in addition to losses and loss factors for the
screen (W ′

1,l , W
′′

1,l , W1,l , 3′

1, 3′′

1 and 31), losses and loss
factors for the armor (W ′

2,l ,W
′′

2,l ,W2,l , 3′

2, 3
′′

2 and 32) must
also be calculated. All these losses and loss factors appear in
the output symbol of the flowchart. In the decision symbol
of the flowchart, there is a condition that the percentage
difference between the calculated and measured values of
the total sheath/screen losses should be less than or equal to
5%. This condition was chosen empirically, that is, based on
comparisons of simulated and experimental data reported by
many other researchers.

B. EXPERIMENTAL VALIDATION AND SIMULATION-BASED
VERIFICATION
Table 2 shows cable insulation types and service conditions
used in the seven calibration steps. In each of the calibration
steps where changes in the maximum temperatures of con-
ductors, screens/sheaths and armors occurred, the values of
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the corresponding maximum AC resistances were recalcu-
lated in order to take into account the effect of temperature
(in addition to the skin and proximity effects). In this regard,
the changes in the maximum AC resistance RC are shown in
the last column of Table 2.

For the phase currents of 100 A (in Calibration Steps 1-5),
the values of the maximum AC resistance RC are calculated
assuming a conductor temperature of 25 ◦C. It is also assumed
that the phase currents applied in the experiments from [9]
were almost four times lower than the corresponding ampac-
ity, which is 378.17 A for the case of Calibration Step 1.
This ampacity was calculated using the IEC-based model
from Section III-A for θC,cp = 70◦C, RC = 68.266 µ�/m,
Wd,l =0.074197 W/m and the design where sheaths are
bonded and earthed at both ends. These two assumptions
are based on the fact that the experiments for the purposes
of research [9] were performed quickly, probably within a
few seconds, in order to avoid the effects of temperature
on circulating- and eddy-current losses in lead sheaths of
the three PL 1 × 300 RM 6/10 kV cables. Furthermore,
Calibration Steps 6 and 7 deal with the conductor AC resis-
tance RC which is taken from [4] and which corresponds to
the continuously permissible temperature of XLPE-insulated
cables θC,cp = 90◦C.
Figure 5 shows distributions of temperature and magnetic

field strength over the part of First Computational Domain in
Figure 1a containing the PL 1 × 300 RM 6/10 kV cables,
while Figure 6 shows distributions of conduction current
density over the same domain. Figures 5a, 5b and 6a refer
to the first sheath bonding design, while Figure 6b refers
to the second one. All the distributions were generated in
Calibration Step 1.

According to Figure 5a, the maximum conductor temper-
ature and the specific temperatures of isotherms around and
within the cables are not significantly higher than the ambient
temperature at which the experiment was performed in [9].
In addition, according to Figure 5b, the isomagnetic contours
are regular in shape and concentric with respect to the axis
of trefoil non-touching formation. This indicates a negligible
influence of the earth surface (which separates the native soil
and the air) on the distribution of magnetic field strength over
the computational domain.

Furthermore, the minimum values of conduction current
densities from Figures 6a and 6b indicate that there are losses
in the cable sheaths due to circulating and eddy currents.
Specifically, the sheaths in Figure 6a are heated by circulating
and eddy currents, while the sheaths in Figure 6b are heated
only by eddy currents. The result in Figure 6a corresponds
to the experiment from [9], while the result in Figure 6b has
no experimental background. The current density distribution
from Figure 6b was generated for the purposes of identifying
and quantifying losses due to eddy currents in the given case.
Based on Figure 6a, the total sheath losses due to circulating
and eddy currents W1,l are 0.47339 W/m, which is 2.688
% higher than the corresponding value measured in [9],
i.e., W1,l,exp = 0.461 W/m. All these indicate that the basic

FIGURE 4. Flowchart of the proposed calibration strategy.

calibration model was properly created and experimentally
validated.

TABLE 2. Insulation types and service conditions appearing in steps of
the calibration.

For Calibration Step 1, that is, for the basic calibration
model, the sheath circulating- and eddy-current losses, total
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sheath losses and conductor losses are listed in the first row of
Table 3. In addition, the accompanying loss factors are listed
in the first row of Table 4. The losses were obtained by a
combination of the relevant IEC formulas and FEM, while
the loss factors were obtained by applying FEM only. These
parameters were also determined for Calibration Step 2 and
provided in the same tables. In Calibration Step 3, the cal-
ibration strategy switched from the PL 1 × 300 RM 6/10
kV cables to the Cu/XLPE/CTS/PVC/AWA/PVC 1 × 300
RMC/25 19/33 kV cables, so instead of sheath losses, appro-
priate screen, armor and conductor losses appear in the third
row of Table 3. The accompanying screen and armor loss
factors are provided in the third row of Table 4. The remaining
rows of Tables 3 and 4 contain screen, armor and conductor
losses, as well as the corresponding loss factors, which were
generated in Calibration Steps 4–7.

Compared to the basic calibration model, in Calibration
Step 2, the thermal conductivity of the native soil was
approximately doubled in order to show how replacing the
surrounding medium would affect the maximum sheath tem-
perature and associated loss factors. According to Tables 3
and 4, the maximum sheath temperature decreased by 1.677
◦C, while the loss factors increased negligibly. Therefore, the
identification of themedium that surrounded the 10 kV cables
in the experiment from [9] is irrelevant for this study.
In Calibration Step 3, the PL 1 × 300 RM 6/10 cables

(with 300 mm2 round stranded copper conductors and lead
sheaths) were replaced with the 33 kV cables (with 300 mm2

round compacted stranded copper conductors, copper tape
screens and aluminumwire armors), assuming that their rated
phase-to-phase voltages are 10 kV. According to Table 2,
in this step, there are changes in the conductor AC resis-
tance and the type of insulation, as well as the thermal
conductivity of the insulation. These changes, according to
Tables 3 and 4, led to a logical redistribution of losses across
the metallic cable construction elements and to a minor
increase in the maximum screen temperature of 0.644 ◦C.
From this step onwards, the maximum armor temperature
appears and is approximately equal to the maximum screen
temperature.

The change from a phase-to-phase voltage of 10 kV to
33 kV in Calibration Step 4 did not lead to any significant
change in temperatures, resistances, losses or loss factors
(Tables 2, 3 and 4). This can be justified by the fact that
dielectric losses are negligible for both voltages according
to IEC 60287-1-1 [3]. Reducing the axial spacing between
cables in Calibration Step 5 brought all heat sources closer
together. However, this led to a decrease in the maximum
conductor temperature from 22.761 ◦C to 22.582 ◦C, and an
increase in the conductor AC resistance from 62.834 µ�/m
to 63.364 µ�/m (Table 2 ). According to Table 3, this also
led to minor reductions in the maximum temperatures of the
screens and armors, as well as to an increase in conductor
losses and certain reductions in total screen and armor losses.
The resulting redistribution of losses in this step is solely
due to the skin and proximity effects, and the screen/sheath,

FIGURE 5. The distributions of temperature and magnetic field strength
over the part of First Computational Domain in Figure 1a that contains
the PL 1 × 300 RM 6/10 kV cables, obtained in Calibration Step 1 for the
design where sheaths are bonded and earthed at both ends. Contours
with associated numbers indicate isotherms in (a), and isomagnetic
contours in (b).

hence armor loss factors from Table 4 are expected, logical
and valid.

Increasing the phase currents from 100 A to the ampacity
of 516.558 A, according to Tables 2, 3 and 4, resulted in
significant increases in the conductor AC resistances, temper-
atures of all cable construction elements and all losses, but not
in the corresponding loss factors. The ampacity represents an
IEC-based value and was calculated according to Section III-
A at an ambient temperature of 20 ◦C. The corresponding
maximum conductor temperature is 88.699 ◦C. The increases
are expected, while, in relation to the corresponding losses
from Calibration Step 5, the reductions in the loss factors
are a consequence of various multiple increases of losses in
conductors (32.97 times), screens (24.27 times) and armors
(24.39 times). Accordingly, Calibration Step 6 provided a
reliable solution as well.
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FIGURE 6. The distributions of conduction current density over the part
of First Computational Domain in Figure 1a that contains the PL 1 × 300
RM 6/10 kV cables, obtained in Calibration Step 1 for the designs where
sheaths are bonded and earthed at both ends and at one end,
respectively.

Finally, in Calibration Step 7, the ambient temperature was
reduced from 20 ◦C to 15 ◦C and, at the same time, the cable
ampacity was increased from 516.558 A to 534.713 A (by
3.514 %). Again the ampacity is an IEC-based value calcu-
lated according to Section III-A. In COMSOL, this ampacity
provided a maximum conductor temperature of 88.597 ◦C.
In addition, the conductor AC resistance remained the same,
all losses increased by a certain percentage, and all loss
factors remained approximately the same as in Calibration
Step 6. This result also indicates that the created FEM-based
model with the BS 6622 cables is highly reliable in terms of
electromagnetic phenomena and heat transfer processes.

After switching from the computational domain in
Figure 1a (First Computational Domain) to that in Figure 2a
(Third Computational Domain), it is interesting to see what
happens to the shapes of isotherms and isomagnetic contours,
as well as to distributions of conduction current density for

TABLE 3. Screen/sheath, armor and conductor losses calculated using
FEM or analytically based on the obtained numerical results.

TABLE 4. Screen/sheath and armor loss factors calculated based on
screen/sheath, armor and conductor losses from Table 3.

both screen bonding designs. Distributions of temperature
and magnetic field strength over the part of Third Com-
putational Domain with the Cu/XLPE/CTS/PVC/AWA/PVC
1 × 300 RMC/25 19/33 kV cables are shown in Figures 7a
and 7b, respectively. Additionally, the distributions of con-
duction current density over the same domain part for the
designs where screens and armors are bonded and earthed at
both ends and at one end are shown in Figures 8a and 8b,
respectively. All the distributions from Figures 7 and 8 corre-
spond to Calibration Step 7.

As in Figures 5a and 5b, the isotherms and isomagnetic
contours from Figures 7a and 7b are concentric with respect
to the axis of the trefoil touching formation and their shapes
remained regular (approximately elliptic or circular). The
effect of the earth surface on the isomagnetic contours is again
absent or negligible. As for the isotherms, it can be noted
that their shapes are satisfactory in terms of axial aligning
downwards relative to the earth surface, which means that the
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effect of the earth surface is small. This is consistent with the
observations from [30].

FIGURE 7. The distributions of temperature and magnetic field strength
over the part of Third Computational Domain in Figure 2a that contains
the Cu/XLPE/CTS/PVC/AWA/PVC 1 × 300 RMC/25 19/33 kV cables,
obtained in Calibration Step 7 for the design where screens and armors
are bonded and earthed at both ends. Contours with associated numbers
indicate isotherms in (a), and isomagnetic contours in (b).

Figure 8a shows the existence of a non-uniform distribu-
tion of current density over the cross-sections of individual
aluminumwires in the armors, as well as that the wires closest
to the axis of the trefoil formation have the lowest current
density. The same applies to the aluminum wire armors in
Figure 8b, except that here the conduction current densities
are significantly lower. Themost important detail in Figure 8b
is the existence of eddy currents in the aluminumwire armors,

the effects of which are ignored by default in the relevant
IEC-based ampacity calculations.

FIGURE 8. The distributions of conduction current density over the part
of Third Computational Domain in Figure 2a that contains the
Cu/XLPE/CTS/PVC/AWA/PVC 1 × 300 RMC/25 19/33 kV cables, obtained
in Calibration Step 7 for the designs where screens and armors are
bonded and earthed at both ends and at one end, respectively.

C. FINITE ELEMENT MESH INDEPENDENCE TESTS
A series of FE mesh independence (or convergence) tests
were performed to verify the accuracy of the FEM-based
models used in the calibration strategy. Specifically, FE mesh
independence tests were performed for First, Second and
Third Computational Domains, that is, for Calibration
Steps 1, 3 and 7. The model used in Calibration Steps 6 and
7 represents the reference FEM-based model. In these tests,
the change in the maximum conductor temperature θC,max
was monitored depending on the numbers of finite elements
and nodes in meshes generated within the computational
domains used. The numbers of elements and nodes were
varied from those associated with automatic mesh generation
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to the numbers of elements and nodes associated with the first
and second mesh refinements. The results of these FE mesh
independence tests are listed in Table 5.

TABLE 5. Results of FE mesh independence tests for some of the used
computational domains.

The differences between the maximum conductor tem-
peratures generated using different FE meshes were lower
than 0.095 ◦C for First, Second and Third Computational
Domains. In particular, it is found that the variations in the
maximum conductor temperatures of the PL 1×300 RM 6/10
and Cu/XLPE/CTS/PVC/AWA/PVC 1× 300 RMC/25 19/33
kV cables do not affect their ampacities to a considerable
extent. This suggests that the accuracy of one reference and
11 additional FEM-based models from the numbers of finite
elements and nodes will be ensured using the automatically
generated FE meshes.

V. RESULTS AND DISCUSSION
This section presents the results of the simulations performed
with Third Computational Domain and 11 additional compu-
tational domains, that is, the domain in Figure 2a and each of
the 12 considered Cu/XLPE/CTS/PVC/AWA/PVC 1/C 19/33
kV cables individually in that domain. For the cables with
conductor cross-sections ranging from 70 to 630 mm2, it is
assumed that screens and armors are bonded and earthed
at both ends. At the same time, for cables with conductor
cross-sections of 800 and 1000 mm2, screens and armors are
assumed to be bonded and earthed at one end only – as it is the
case in practice. Each of the simulations was performed with
the ampacity calculated analytically according to Section III-
A, as well as based on Calibration Step 7 from Section IV.
Finally, the ampacities were recalculated in COMSOL to cor-
respond exactly to the continuously permissible temperature
of 90 ◦C.

Table 6 outlines the conductor AC resistances, ampaci-
ties and conductor losses taken into account or calculated
analytically according to Section III-A. In particular, the
values of conductor AC resistance are taken from [4]. This
table also outlines the maximum temperatures of conductors,
screens and armors calculated using the FEM according to
Sections III-B and III-C. The parameters are provided for

12 cables of the type Cu/XLPE/CTS/PVC/AWA/PVC 1/C
19/33 kV and one of the two considered screen bonding
designs.

TABLE 6. Conductor AC resistances, Ampacities and conductor losses
taken from literature or calculated analytically, and maximum
temperatures of conductors, screens and armors calculated using FEM for
12 different cables of the type Cu/XLPE/CTS/PVC/AWA/PVC 1/C 19/33 kV.

Based on Table 6, conductor losses first increase (for the
first three cross-sections), then decrease and finally increase
again. With the exception that there is no increase of the
maximum conductor temperature for the first three cross-
sections, the change in the maximum conductor temperature
follows the change in conductor losses. A deviation in the
maximum conductor temperature is observed from the corre-
sponding continuously permissible value, which means that
the analytical ampacities do not correspond to those that
can be obtained using FEM. This will ultimately result in a
correction of the FEM-based values for the screen and armor
loss factors 31 and 32, as well as the ampacity Icp.
Figure 9 shows the total screen losses W1,l , the screen

eddy-current losses W ′′

1,l , the total armor losses W2,l and
the armor eddy-current losses W ′′

2,l calculated using FEM in
COMSOL for 12 different BS 6622 cables. This bar diagram
also shows the screen circulating-current losses W ′

1,l calcu-
lated using Equation (2) based on the numerical values ofW1,l
andW ′′

1,l , as well as the armor circulating-current lossesW ′

2,l
calculated using Equation (3) based on the numerical values
of W2,l andW ′′

2,l .
The most important detail in Figure 9 is the existence

of eddy-current losses in aluminum wire armors which
are higher than, or comparable to some other screen and
armor losses, but are not negligible. Specifically, armor
eddy-current losses increase with increasing conductor cross-
section, that is, with increasing effective cross-section of
aluminum wire armor. This is contrary to the recommenda-
tion of IEC 60287-1-1 [3], which states that losses due to
eddy currents in non-magnetic wire armors of power cables
can be ignored. Further, screen and armor losses are used for
the calculation of the screen and armor loss factors 3′

1, 3
′′

1 ,
31, 3′

2, 3
′′

2 and 32 using FEM.

47254 VOLUME 14, 2026



M. Šućurović et al.: FEM-Based Quantification of Eddy-Current Losses for MV Cables

The screen loss factors calculated analytically according
to Section III-A (λ′

1, λ′′

1 and λ1) and numerically according
to Sections III-B and III-C (3′

1, 3′′

1 and 31) are presented
comparatively in Table 7.

FIGURE 9. Screen and armor losses calculated using FEM or analytically
based on associated FEM-based losses for 12 different cables of the type
Cu/XLPE/CTS/PVC/AWA/PVC 1/C 19/33 kV. For rated cross-sections of
800 mm2 and 1000 mm2, screen and armor losses correspond to the
design where screens and armors are bonded and earthed at one end.

TABLE 7. Screen loss factors calculated analytically and using FEM for
12 different cables of the type Cu/XLPE/CTS/PVC/AWA/PVC 1/C 19/33 kV.

Table 9 summarizes the results on comparing the values
of the screen and armor loss factors calculated using FEM in
COMSOL (according to Sections III-B and III-C) with those
obtained analytically (according to Section III-A). Specifi-
cally, Table 9 shows the differences between the numerical
values of the screen and armor loss factors and their corre-
sponding analytical values.

According to Table 9, the largest differences are found in
the armor circulating-current loss factor, while the smallest
differences are found in the armor eddy-current loss factor.
The deviations of the armor circulating-current loss factors
obtained using FEM from those obtained analytically lie in
the range of -15.741% to -20.775%. In addition, the devia-
tions of the armor eddy-current loss factors obtained numer-
ically from those obtained analytically are between –2.22%

and 0.765%.Moreover, for the screen circulating-current loss
factor, these differences are between -3.606% and 14.768%.
Furthermore, the differences between the analytical and
numerical values of the screen eddy-current loss factor lie in
the range of -6.398% to 5.302%, and so on.

TABLE 8. Armor loss factors calculated analytically and using FEM for
12 different cables of the type Cu/XLPE/CTS/PVC/AWA/PVC 1/C 19/33 kV.

TABLE 9. Differences between analytical and numerical values of the
screen and armor loss factors calculated for 12 different cables of the
type Cu/XLPE/CTS/PVC/AWA/PVC 1/C 19/33 kV.

Table 10 shows the total screen and armor loss factors
together with the ampacities recalculated using FEM in
COMSOL to correspond exactly with the continuously per-
missible temperature of 90 ◦C. The first column of Table 10
provides the rated cross-sections of conductors and screens
for 12 cables of the type Cu/XLPE/CTS/PVC/AWA/PVC 1/C
19/33 kV, while the second column of the table provides the
data on the accompanying armors. This table also shows the
ampacities calculated according to IEC 60287-1-1 [3] and
already provided in [4].
Compared to the corresponding values in Tables 7 and 8,

the total screen and armor loss factors listed in Table 10
differ only slightly. However, the differences between the
ampacities obtained using FEM and the ones taken from [4]
range from 0.316 A – for a 70 mm2 conductor and –0.166 A
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TABLE 10. Ampacities calculated analytically and using FEM for
12 different cables of the type Cu/XLPE/CTS/PVC/AWA/PVC 1/C 19/33 kV.

– for a 95 mm2 conductor to –14.895 A – for a 630 mm2

conductor and –35.386 A – for a 1000 mm2 conductor. If the
numerical ampacities from Table 10 are now compared with
the analytical ones from Table 6, the differences are found
in the range from –18.73 A – for a 630 mm2 conductor to
3.625 A – for a 1000 mm2 conductor.
It is important to recall here that the ampacities from the

third column of Table 10 do not take into account the effect
of armor eddy-current losses (i.e., λ′′

2 =0). Conversely, the
ampacities from Table 6 take this effect into account. Having
this in mind, for both screen bonding designs, the differences
between the IEC-based ampacities from Table 6 and the
FEM-based ampacities from the last column of Table 10 are
smaller in 7 out of 12 cases.

VI. CONCLUSION
This paper demonstrated that eddy-current losses occur
in non-magnetic wire armors of three BS 6622 single-
core cables installed directly in the soil in both trefoil
non-touching and trefoil touching formations. For both con-
sidered screen bonding designs, these losses cannot be
neglected in either IEC- or FEM-based ampacity calculations.

For conductor cross-sections ranging from 70 to
1000 mm2, the FEM-based screen and armor eddy-current
loss factors lie within the ranges of 0.00094–0.03625 and
0.00719–0.1951, respectively. The corresponding deviations
between the FEM- and IEC-based loss factors are between
−6.398% and 5.302%.

The quantitative separation of individual screen and
armor eddy-current losses clearly indicates that the existing
IEC-based ampacity calculation procedures should be ade-
quately amended and harmonized with the recommendations
provided in the technical brochures CIGRÉ TB 272 and
CIGRÉ TB 880.

For three PL 1 × 300 RM 6/10 kV cables installed
in trefoil non-touching formation, the total sheath losses
due to circulating- and eddy-currents obtained using FEM
are 2.688% higher than the corresponding measured losses,
confirming very good agreement between numerical and
experimental results.

The proposed new hybrid FEM-based procedure for
the quantitative separation of eddy-current losses from
circulating-current losses and for the calculation of cable
ampacities was experimentally validated. It was also shown
that the procedure is accurate, equivalent to the existing
experimentally based approaches, and applicable to a wide
range of power cable types.

In addition, the new calibration strategy employed in
this study constitutes an independent contribution, provid-
ing a reliable FEM-based electro–magneto–thermal reference
model for cable ampacity calculations.

For both screen bonding designs, the differences between
IEC- and FEM-based cable ampacities are generally smaller
when IEC-based calculations explicitly account for armor
eddy-current losses.

Future work will focus on extending the proposed method-
ology to BS 6622 cables installed directly in the soil in flat
non-touching and touching formations. Further developments
may include FEM-based electro–magneto–thermal models in
which non-magnetic wire armors are represented by equiva-
lent cylindrical layers with identical effective cross-sections,
as well as potential amendments to the existing IEC recom-
mendations for calculating screen and armor eddy-current
loss factors.
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