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Abstract—This paper describes semi-analytical calculation
methods for the positive-sequence and zero-sequence impedances
of 3-phase armored cables with solid sheaths and a single
armor layer. Separate equivalent circuits are defined for these
two impedances. Subsequently, circuit component values are
calculated based on 2D field equations, with some 3D effects
modeled. The existing approach for calculating zero-sequence
impedance is corrected and expanded by inclusion of additional
inductances due to solenoidal fields and magnetic armor effects.
3D finite-element models of cables with magnetic and non-
magnetic armor are used to assess the accuracy of our circuit
models; discrepancies are less than 3% at frequencies between
50 Hz and 5 kHz. Python code with the implementation of the
method is provided for accessibility.

Index Terms—Sequence Impedance Calculation, Armored Ca-
bles.

I. INTRODUCTION

HE large-scale deployment of offshore wind turbines has

greatly increased the use of three-phase submarine cables.
Consequently, it has become more important to understand
the impedance characteristics of such cables. For integration
with the grid, transient stability studies are often required. For
these, the frequency-dependence of the cable impedances is
also important; frequencies up to a few kHz may need to be
considered [1]. Such data may also be required for tuning any
inverters that are connected to the cable.

Calculation of impedances is possible using Finite Element
Analysis (FEA) models. Tools for 2D FEA are the most widely
available, and these models have lower computational costs.
However, modelling the cable in 2D can lead to large errors;
as the twist of the cores and armour are not included in
the model it can predict fictitious circulating currents. This
problem can be overcome by connecting an external circuit
to the model to ensure that the currents in the armour wires
are equal by connecting them in series [2]; this is known as
a 2.5D model. These models still have some limitations that
may be significant; in particular, various solenoidal effects are
not represented.

To model solenoidal effects without losing the direct con-
nection between the geometry of the model and that of the
cable, 3D models are required. In the past, 3D FEA models
were prohibitively computationally expensive as they required

Kevin Goddard, Joanna Rzempotuch, Sunny Chaudhary, George Callen-
der, and Paul Lewin are with the Tony Davies High Voltage Laboratory,
University of Southampton, Southampton SO17 1BJ, United Kingdom (e-
mail: kfg@ecs.soton.ac.uk; jr9g20@soton.ac.uk; sc.chaudhary @soton.ac.uk;
gmc1f17 @soton.ac.uk; pll@soton.ac.uk)

large lengths of the cable to be modelled. However, with
the introduction of twisted-periodic symmetry boundaries into
FEA tools, it became possible to develop short twisted 3D
models, which have greatly reduced computational cost [3],
[4]. In this paper, the presented analytical methods are vali-
dated using modified versions of the model in [3]. Although
3D FEA models are accurate, the geometry of such models
can be complex which makes construction and meshing of the
model difficult; thus, significant human effort may be required
to adapt the model for a different cable design or a different
frequency range.

As capable FEA software is expensive and may be un-
available, some low-cost alternatives have been developed.
The simplest of these is Multi-Conductor Analysis (MCA)
which works by dividing each conductor into sub-conductors
that are small enough to justify assuming uniform current
density in each one. Assuming circular sub-conductors, each
one is defined by its position, effective radius and resistance
per unit length. From this data, a mutual-impedance matrix
is produced, which can be used to estimate the current and
loss in each sub-conductor arising from any set of applied
voltages. The method neglects the effects of magnetization and
depends on human judgement to choose appropriate positions
radii and resistances for the sub-conductors; it is a 2D method,
but it can be extended to produce a 2.5D model using multi-
dimensional matrices. MCA can give useful estimates of
sequence impedances [5], [6], [7] but its reliance on human
judgement makes validation difficult.

Method of Moments with a Surface Operator (MOM-SO)
presented in [8] is a more computationally efficient approach
compared to MCA and finite element methods. In this method,
conductors are represented by equivalent current sheets, which
are defined as Fourier series; this makes the method easy
to automate. The Fourier coefficients are determined using a
surface admittance operator, while the relationship between
the electric field and the surface currents determines the
impedance of the system. This method captures skin and
proximity effects and can be used for solid and hollow
conductors. The method can model permeable materials and
can be extended to 2.5D [9] to suppress fictitious circulating
currents. In [4], a 2.5D MOM-SO model is compared to the
corresponding 2.5D FEA model, and they are observed to be
in excellent agreement.

Both MOM and MCA methods are limited to 2D or 2.5D
representations that cannot model longitudinal magnetic flux in
armour wires or axial flux driven by circumferential currents.
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In [10], it is claimed that MOM-SO can be extended to include
solenoidal effects, but the method is difficult to reproduce
from the information given in the paper and is not validated
against impedance values. The transient studies undertaken in
[4] demonstrated large differences between a short-twisted 3D
FEA model and 2.5D models of the same cable, suggesting
that the factors omitted in 2.5D methods can be significant.
However, 3D models have much higher computational cost and
may require significant human effort and expertise. We aim to
overcome some of the limitations of 2.5D models without the
high cost of using 3D FEA models.

Alternatively, methods developed for calculation of armor
losses can be used to estimate positive-sequence impedances.
The two main existing approaches are CIGRE Technical
Brochure 908 [11], and Goddard et al. [12]. In this work,
minor alterations to the method in [12], relating to 3D effects,
are made to further improve the method’s accuracy.

While there are many papers on methods of calculating
positive-sequence impedance, methods for calculating zero-
sequence impedances that include the effects of magnetic
armour and solenoidal effects are more rare. Section 4.2
of CIGRE TB 531 presents various impedance expressions
including a zero-sequence impedance calculation, but these
do not consider the frequency dependence of the internal
inductance of the conductors or proximity effects; hence, they
have limited applicability for armored 3-phase cables. The
most commonly used method applicable to submarine cables
has been presented in Kvartz et al. [13], where corrections to
the methods from CIGRE 531 were introduced to include the
armor return path, and include the skin and proximity effect
and lay factors using loss expressions from IEC 60287 [14].
This reliance on the standards, [14], can lead to inaccuracies as
it does not accurately capture the influence of magnetic armor
[12]. The method developed in [13] contains some errors,
neglects the influence of the solenoidal inductances and fails
to account for the magnetic armour accurately. Furthermore,
it is only validated for 50 Hz and a cable with non-magnetic
armor. In this paper, the method in [13] is modified to include
the solenoid effects and the effects of magnetic armour, and
to correct some errors. This is the main contribution of this
paper, and results in a significantly better agreement with an
FEA model. The results are analyzed for a range of frequencies
50 Hz — 5kHz and the method is validated for both magnetic
and non-magnetic armor cases.

Additionally, we have extended the 3D FEA model based on
[3] to make it suitable for verification of our zero-sequence cal-
culations. This is required because the field of zero-sequence
currents extends much further from the cable, while extending
the short-twisted model into the sea would not be valid (as
the sea does not spiral around the cable). The models used
for validation in this paper were created by coupling a short-
twisted 3D model with a 2D model of the exterior domain
that extends out to a radius of 2 km. The coupling between
the two components (2D and 3D) is performed within one
model using COMSOL functions. The method of combining
results from 2D and 3D models used in [4] is valid for their
application, in which the fields driven by conductor, sheath
and armour currents are modelled separately, to facilitate the

calculation of the full series-impedance matrix. However, it
would not be valid for this application where the zero-sequence
impedance is calculated directly, while allowing the return
current to divide freely between sheath, armour and ground
return paths.

II. MODELING APPROACH

We use simplifying approximations to derive semi-
analytical calculation methods that can be used without an
FEA package or an experienced user. Our modeling approach
is as follows:

1) Circuit models of the cable system are created; the
model used for positive-sequence calculations is repre-
sented by a complex impedance matrix; the currents in
conductors and sheaths are represented by Fourier series,
while armour currents are neglected, as per [12]. The
circuit used for the zero-sequence calculations includes
the armour current but allows only scalar values of
currents; it is represented by a circuit diagram, based
on the approach of [13], with only 2-node impedance
components.

2) The impedances in the circuit models are calculated us-
ing 2D field equations, assuming zero-thickness sheaths
and armour. Length factors are used to allow for the
increased lengths of conductors, screens and armour
caused by their lay angles.

3) Solenoidal inductances and mutual inductances are cal-
culated, and appropriate adjustments are made to the
component impedances. In the zero-sequence model, the
mutual inductance is accounted for by adjusting the
values of adjacent circuit components.

4) Alteration to impedances due to magnetic armor is
calculated. The armour is represented as a layer with
anisotropic permeability modeled according to [12].
The positive- and zero-sequence models use different
methods to capture the effect of the armor’s permeability
as there is a current flowing in the armor in the zero-
sequence case which can be omitted in the positive-
sequence case.

5) Calculate the overall impedances. For the positive-
sequence model, this requires solution of the simultane-
ous equations; for the zero-sequence model impedances
can be combined in series or parallel until a single
impedance remains.

III. ZERO-SEQUENCE MODEL

In this section, the method for the calculation of zero-
sequence impedance is presented. This method is based on
the one described in [13]. Some expressions are corrected and
a method to include solenoidal and magnetic armor effects,
not included in [13], is developed.

For this method, the thickness of sheaths and armor are
neglected, but their resistances are modeled. The circuit
model is defined by a circuit diagram that has only 2-
node impedance components; this avoids the need to solve
simultaneous equations, but it imposes some limitations on
the cable configurations that can be modeled. Fig. 1 shows a
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circuit diagram adapted from [13]. The inductances in this
method are calculated for 3 sets of current loops: Loop 1
currents flow in the conductors and return in their sheaths
or screens; Loop 2 currents flow in the sheaths and return in
the armor; and Loop 3 currents flow in the armor and return
in the ground; the factors of 3 in the Loop 3 impedances arise
because the currents for all three phases share a single path.
Even though the equations are derived using 2D field
equations, the lay angle of conductors, screens and armor are
included as length factors in equations (LF, LF4) to account
for the increased impedance due to the longer path in 3D.

L(Zc+j Xcs)

J U Xsa

3127,

Loop 3

] 3R32

’7 3R61

31(Ry+JjXy)

Fig. 1. Revised circuit diagram for zero-sequence impedance, adapted from
[13].

In Fig. 1, Z¢ is the internal impedance of a conductor, X g
is the reactance due to leakage flux between a conductor and
its sheath, Rg is the resistance of a sheath, Z 4 is the internal
impedance of the armor, and Xg 4 is the reactance to a Loop-
2 current, including the contribution of mutual inductances
between these currents, but excluding any contribution from
Za. Ry + jX, is the internal impedance of the ground-return
path, excluding end effects. All these impedances are per unit
cable length.

Initially, we calculate the inductances for 2D geometry with
zero-thickness sheaths and armor. Inductances due to solenoid
effects and effects of magnetic armor are added later.

1
Zo = Rciarcfo(arc)/ll(arc) (D

where R¢ is the DC resistance of the conductor per unit cable
length, r¢ is the conductor radius, Iy and I; are modified
Bessel functions of the first kind, and

a® = jwog 2)
where j is the imaginary number, w is the angular frequency, o
is the average electrical conductivity of the conductor, and pg
is the magnetic permeability. Equation (1) differs from the one
used in [13], but the differences are not significant. We use
analytical Bessel-function expressions [15], while [13] uses
simplified expressions with resistance from IEC 60287.

w
Xes = LFcﬁ In (rs/rc), 3)

where LF¢ is the ratio of the conductor length to the cable
length, and rg is the radius of the sheaths. We have removed
the armor-enhancement factor used in [13], as the magnetic
fields of the Loop-1 currents are largely confined inside the
sheaths, while the armor is outside.

w
Xga = LFcziﬂ_Oln (7"?4/527’5), 4

where 74 is the mean radius of the armor, and s is the spacing
of the conductors. Here too, we have removed the armor-
enhancement factor used in [13], as the method of allowing
for the presence of magnetic armor has been replaced by
the one described in Section III B. For non-magnetic armor,
we assume Z4 = Rg4; as in [13], we neglect any change
in inductance caused by assuming that the armour current
is uniformly distributed on a surface at r4. For consistency,
we therefore subtract the low-frequency internal reactance of
non-magnetic armour from the internal impedance of magnetic
armor,

1 .
Za= RAiarfIO(arf)/Il(arf) — jwLFapo/(8mny), (5)

where R4 is the DC resistance of the armor per unit cable
length, r¢ is the radius of an armor wire, LF4 is the length
of an armor wire per unit cable length, and ny is the number
of armor wires; here,

o = jwopiofr, (6)

where o is the electrical conductivity of the armor wire, and
Ly 18 its relative permeability. Our expressions for the ground-
return impedance, R, + j X, are based on those given in [13],
but we do not apply the factor LF4 to X, as this is not an
appropriate method of allowing for the effect of the armor lay-
angle on this impedance; these solenoid effects are considered
in Section III A.

Ry = wuo/8, (7N

Ho
Xg:wﬁln(De/rA), (8)

where D, is the effective distance to the return current,

D, =400/+\/o f ©9)

o is the electrical conductivity of the surrounding material,
and f is the frequency [13]; the constant 400 is appropriate
when the variables have SI units.

In our implementation, we neglect the earth resistances R,
and R.2, and calculate the impedance per unit length; hence
the factors of the cable length [ are also removed; we do this
to reduce the number of input parameters required. Note that
for land applications, a different expression for the ground
return radius would be needed to account for the absence of
any return current above the ground surface.

A. Including Solenoidal Inductances

The circuit from Fig. 1 was modified to introduce induc-
tances from solenoid effects, as shown in Fig. 2. Usually,
including a mutual-inductance component in the circuit would
require the solution of simultaneous equations to calculate the
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overall impedance. However, in the simple case with single-
layer armor and solid sheaths, this is not required; we can
eliminate the mutual inductance component by changing the
impedances of the adjacent circuit components (Z4,Xg4,X,).

———— Zc+JjXcs
LS—sol
R JXsa OS]
Msol
37, YN
LA—sol
3(Rg +J Xg)

Fig. 2. Circuit diagram with solenoidal inductances.

All three solenoidal inductances in the circuit diagram are
calculated using the same principle. Axial flux within the
cylinder of radius 74 is driven by the armor current. Within
the cylinder of radius ¢, power-core currents also drive axial
flux. Thus, these inductances are:

Ls_so1 = 3pomc®/LLE, (10)
1D

12)

Mo = £3pomc? /(LLeLL )
LA _so1 = 3uowr?4/LL?4

c is the pitch-circle radius of the conductors, LL¢ is the lay

length of the conductors, and LL 4 is the lay length of the

armor wires. M, is positive for unilay armor and negative
for contralay armor.

The resulting inductances to the loop currents are:

ALLoo;o2 = LS—sol + LA—sol - 2Msol; (13)

(14

5)

ALLoopS = LA—sol;
A1\42,3 = Msol - LAfsol;

From these expressions, we can calculate the required
changes to the values of adjacent impedance components.

A3ZA = _jWAM2,3 = jw(LA—sol - Msol); (16)
A)(SA = w(ALLOOp2 + A1\42,3) = w(LS—sol - Msol); (17)
AXy = w(ALpoops + AMys) = wMso.  (18)

B. Allowing for Effects of Armor Permeability

In the positive-sequence case, because the lay length or
direction of the armor differs significantly from that of the
conductors, large circulating currents are not induced in the
armor. However, in the zero-sequence case, analyzed in this
section, the armor current should not be neglected. Additional
3D effects therefore arise from the lay angle of the armor
wires. Axial flux driven by the armor current can induce
voltages in the conductors and sheaths or screens. In this
method, we use a hierarchical modeling approach for the

armor; we use auxiliary 2D models to estimate the anisotropic
characteristics of the armor layer, then use these to estimate
its effect on the circuit characteristics. The auxiliary models
estimate the reflected fields from an infinite flat layer of
cylindrical wires in response to uniform applied fields, as per
[12]; this requires many reflections to be calculated.

We first consider the additional self and mutual inductances
to sheath and armor currents; then we calculate the changes
in the component impedances required to represent these
additional inductances. The equivalent circuit in Fig. 2. was
modified to include the effects due to the armor’s permeability,
see Fig. 3. Lg_perm represents the additional self-inductance
to the sheath current, L 4_perm is the additional inductance
to the armor current and M., is the additional mutual
inductance between the two currents.

Zc+jXcs
. LS—sol Ls—perm
B s T

<Msol <Mperm
LN

Lp—so1 LA—perm

_{

37,

—‘ 3(Rg +JX,)

Fig. 3. Circuit diagram with solenoidal inductances and the inductances to
the sheath and armor currents and armor permeability.

Initially, we consider the effect on the inductance to the
enclosed sheath currents when these currents return in the
ground. The additional inductance to the enclosed current,
expressed in terms of magnetic energy, is given by,

312AL=// H - ABdv.

We assume that the H-field imposed by zero-sequence
currents is uniformly distributed around the circumference of
the armor layer; this implies that the tangential component Hy
is dominant. With these assumptions, (19) gives the additional
inductance per unit cable length

(19)

H 2
3AL = Mo27TTAtA(<Il> (e —1)

+(§Qam—n) (20)

where t 4 is the effective thickness of the armor layer, H; and
H; are the longitudinal and transverse components of the field
imposed on the armor wires, while p; and u, are the effective
relative permeabilities of the armor layer to these fields. The
methods used to calculate ¢ 4, 17, and p; are taken from [12].
As all 3 currents make equal contributions to the H-field,

31

H =
o 2mr 4’

2n

where [ is the total current of each power core. We also
note that H; = HysinB and H; = Hgycos8 where [ is
the lay angle of the armor. Substituting these expressions into
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(20), we find that the permeability of the armour increases the
inductance to the enclosed sheath and conductor currents by

L perm = 92 (i (5) sy ~1)+ cos” () (e~ 1) (22
T A

To test the validity of the uniform-field assumption, we con-
sider the tangential field component of the magnetic field at
radius r4, driven by three straight line currents at radius c.
In this simple 2D model, the tangential field differs from
its average value by a factor of between 1/(1 + (c/r4)?)
and 1/(1 — (c¢/r4)?). For the cable considered, the maximum
deviation of Hy is from the average is 16%, but the average
value of Hj is increased by less than 1.1%. As magnetic armor
will make the field more uniform, the assumption is clearly
justified.

Next, we consider the inductance to armor current that
returns in the ground and the mutual inductance between this
current and the enclosed sheath current considered above.
Whereas the H-field of the enclosed current varies little
through the thickness of the armor, the field of the armor
current varies greatly; see Fig. 4. We assume that the armor
current can be represented as an equivalent current sheet
with separate axial and circumferential components of the
current density dependent on the armor’s lay length. Following
Ampere’s law, the axial component of the current produces
a purely circumferential H-field outside of the armor, Hpy¢,
whilst the circumferential component of the current produces
a purely axial H-field inside, Hj,;. Notice that only the
transverse H-field component, H;, varies between the inside
and the outside of the armor layer. Therefore, the longitudinal
flux contributes equally to both self-inductances and to the
mutual inductance.

THZ

HInt Ht

H,
B Hy

—_—
H Ext

Fig. 4. H-fields in the armor driven by the armor current.

As the transverse flux in the armor is concentrated close
to the mean armor radius where the gaps between the wires
are small, we assume that the effective transverse field is the
average of the internal and external field values.

H; = Hpgi(cos(8) — sin(B) tan(5))/2

(0

= Hpyt <cos(6) (23)

Thus, following (20), the expression for the increase in the
self-inductance to the armor current due to the magnetization
is

3pot A
27T A

(s - 1

LAfperm =

+Gﬂm—%éw02m—n) 24)

Consequently, the mutual inductance is increased by

3uota [ .
Myerm =282 (s2(3) G~ 1)

teos(9) (eos (9) = 5ot ) G- 1)) @9

We can now determine the changes to the impedances of
the circuit components required to represent magnetic armor
using the calculations above, and analogues to (17), (16) and
(18):

AXsy = w?;‘;‘fj 5= 1); (26)

A3Za = fw?;’ifj (4cos12 @) ~ ;) (e =1y @D
23X, =0T (0 (8) - (1~ 1)

(ot @5 -0 e

Now that we have incorporated the inductances due to armor
permeability and solenoidal fields into the simple impedance
components, we can combine two impedances in parallel or
in series until the circuit is reduced to a single impedance,

3Za(Rg+jXy) ;
s(Zarmyrixy 1 Xsa)

3Za(Rg+jXg) ; ’
s+ Zarmgixy TIXsa

Zo=Zc+jXcs +

(29)

where appropriate components are adjusted by the changes in
impedance calculated previously in this section.

IV. POSITIVE-SEQUENCE MODEL

This model is based on the one described in [12] with
minor changes made regarding the conductor lay length. We
now apply the conductor length factor LF to the interior 2D
model to account for the increase in impedance. The use of the
length factor is equivalent to increasing the permeability and
resistivity of the interior domains by a factor of LF. Thus,
the expression for the reflection factor f, in [12] is replaced
by
f _ He — LF, C

" pe+LFC

where . is the permeability of the armor and exterior in
parallel. This alteration results in a reduction of the reflection
factor as the relative permeability increases from 1 to LF¢.
Additionally, the conductor lay length causes the external
field of the cable to be twisted; this increases the effective
permeability of the exterior domain, as additional axial flux
paths are available. We adjusted the effective permeabilities
of the exterior to allow for the spiral geometry of the exterior

(30)
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field. This adjustment slightly increases the reflection factors
as it increases . in (30). From electromagnetic theory, B,,
the radial component of B-field and Hy, the circumferential
component of the H-field, must be continuous across bound-
aries. The exterior permeability, fi..¢, is adjusted to fulfill this
condition by ensuring that the ratio of B,./Hy is preserved in
the 2D model such that

3D

HT2D —
MO,U/ea:tH o fr H93D

02p

€Y

where u, is equal to 1 as it is the permeability of the outside
material and ., is the adjusted permeability of the exterior
that needs to be calculated. We can define the H-field as

H=-V (32)

where 1 is the magnetic scalar potential. Using separated
solutions, as described in [16], we can define the magnetic

scalar potential in 2D as
Y, =71~ " cos(nh) (33)

where n represents the spatial frequency of the circumferential
variation. Using (32), we calculate the ratio in (31),

H.,, —%ﬁ _ —nr~"" ! cos(nb) _1 (34)
Heo,, ~-1% - —nr—n~lcos(nf)

Due to the twisted geometry in 3D, the magnetic scalar takes
the form

n = K, (nQr) cos(n(f — Qz)), (35)

where K, is a modified Bessel function of the second kind
and Q is equal to 27 /L L, which captures the axial variation
of the potential in 3D. The derivative of K,, is defined as

1
K (2) = =5 [Kn—1(2) + Ko (2)].
Consequently, we can calculate the adjusted permeability of

the exterior in the 2D solution using (31) and (34),

(36)

_ H,,, —nQK] (nQr)cos(n(f —0z))
Hert =y —ZK, (nQr) cos(n(6 — Qz))
_ QK] (nQr)
T RKu(nQr) G7

It should be noted that € is chosen such that division by zero
is avoided in (34) and (37).

The final formulation for the positive-sequence impedance
is

Zy =Zc+ jXos + jwuMy . Z7 jwM. y + jwM;q, (38)

where

Z = Zing + jwM, (39)

M is the mutual impedance matrix calculated as per [12],
Zing 1s the diagonal matrix with internal impedances of the
specific unknown currents, Z¢ is the internal impedance of
the conductor, described by (1), and X is the reactance due
to leakage flux between a conductor and its sheath, described

by (3).

V. FINITE-ELEMENT VERIFICATION MODELS

To test the accuracy of our impedance calculations, we
have built 3D finite-element models using COMSOL Mul-
tiphysics 6.3 software based on the model from [3]. The
model represents a short length of cable, just sufficient for
one armour wire to pass each conductor; its two ends are
connected by a twisted periodic boundary condition, which
allows a considerably smaller region to be modelled [4].
Simulations were performed in the frequency domain for a
range of frequencies. Conductors were modelled as coils and
the impedance was obtained using the coil-voltage variables.
Changes to the meshing sequence, including changes to the
mesh-control elements in the geometry definition, were made
to give the finer meshing in the radial direction required to
model skin effects over the range of frequencies considered.
As shown in Fig. 5, the revised mesh is adequate at the upper
end of the frequency range for which it was designed.

Armour Wire Mesh and Normalised
Current Density at 2500 Hz

Conductor Mesh and Normalised
Current Density at 2500 Hz

36.8 mm | [ S mm

(b)

Fig. 5. Conductor and armour mesh plotted against normalised current density
norm at 2500 Hz frequency illustrating the skin effect.

A. Modeling Zero-Sequence Currents

Initially, the verification model for the zero-sequence case
was a copy of the one for the positive-sequence case. While
the imposed currents can easily be changed from positive-
sequence to zero-sequence, the field due to zero-sequence
currents can extend much further from the cable than field due
to a balanced load; hence, the model needs to be extended to
much larger distances. However, extending the short-twisted
3D model to include the seabed boundary would not be valid,
as the sea does not twist around the cable.

To model these distant fields and include the water and
air domains, a 2D finite-element model is appropriate. We
therefore incorporate an additional 2D component within the
same COMSOL model as the short-twisted 3D component,
and couple them together, the 3D component is shown in Fig.
6.

Fig. 7 shows the 2D component, which extends to 2 km
from the axis of the cable; as this is sufficient to ensure that
the far-field boundaries have negligible effects, simple magnet-
ically insulating boundaries are appropriate here. Half of the
geometry is modelled, and a ‘Perfect Magnetic Conductor’
boundary was used to represent the symmetry plane.

The two components were coupled by a pair of ‘Global
Equations’. In COMSOL, each ‘Global Equation’ adds one



JOURNAL OF KX CLASS FILES, VOL. 14, NO. 8, AUGUST 2021

Magnetic Potential Outside

Boundary Condition, A, = Acat
o=18S/m

Surface Average Probe @ Surface Integral Probe

for Measurement of A, for Current Measurement

Fig. 6. Boundary conditions and probe definitions of the 3D model imple-
mented in COMSOL Multiphysics.

2000

0.5
1500
Water
1000 + 0
Air, 0 =0 S/m Sediment
500 -
) 0 E .05
> =
500 - Water, 6 =5 S/m || __~ External Current Density, J,
_—
-1000 ¢ Sediment, 6 =1 S/m ] N Domain Integral Probe
B / for Current Measurement
-1500 ~_ Boundary Average Probe
for Measurement of A,
-2000 15
0 1000 2000 0 0.5 1 L5

x(m) x(m)

Fig. 7. Boundary conditions, probes and dimensions of the 2D model.

unknown to be found by the solver and has a name that allows
this unknown quantity to be used to define source terms within
the model and an expression that the solver should try to make
equal to zero. We define the expressions that control the global
equations using ‘Probes’, which are derived quantities such
as integrals or averages that would usually be calculated in
post-processing; defining them as probes makes them available
during the solution. The total current in the cable in the 3D
component, I3, was obtained from a surface-integral probe of
the tangential component of the H-field at the cable’s surface
in the 3D model.

In the 2D model, the cable is represented as a coil, and its
current, %I op (as the 2D model has only half of the geometry),
is set by a global equation that aims to make the average value
of the vector-potential component A, on the surface of the
cable in the 2D model equal to the corresponding value in the
3D model; two probes are used to evaluate these averages. In
the 3D model, the value of A, on the far-field boundary is
set by a global equation that aims to make Isp — Iap = 0;
for simplicity, the other components of A are set to zero on
this boundary. Notice that only the uniform components of
the field at the cable surface are constrained to be equal. As
the 3D model represents twisted geometry but the 2D model
does not, all the other Fourier components in the 3D model
are orthogonal to those in the 2D model.

VI. VERIFICATION RESULTS FOR POSITIVE-SEQUENCE
MODELS

Our validation calculations consider two cable designs. The
first is the one described in Case 8 of CIGRE TB 880 [17];
the second uses the same geometry, but with the stainless-
steel armour replaced by magnetic armour. For the magnetic
armour, we assume that the permeability is 270-80j and the
conductivity is taken from Table 1 of IEC 60287 [14] with
a temperature of 60°C. The conductivity of lead and copper
used are also defined using Table 1 of [14] for the temperatures
given in [17].

A. Results for an Export Cable with Stainless Steel Armor

Fig. 8 shows the values of the positive-sequence resistance
of this cable obtained from the two models, while Fig. 9 shows
the corresponding estimates of the inductance. The absolute
percentage is evaluated relative to the FEA solution.
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Fig. 8. Analytical calculation and FEA solution of positive-sequence resis-
tance.
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For frequencies up to 800 Hz, the resistance and inductance
estimates from the two models both agree to within 2%.
However, at higher frequencies, the two estimates of resistance
begin to diverge; the discrepancy is 4.2% at 2.5 kHz. This is
expected; the zero-thickness sheath approximation used by the
analytical model suppresses the skin effect in the sheath, which
is not negligible at these frequencies; it also overestimates the
leakage flux between the conductor and the sheath, but only
the contribution from flux flowing within the sheath region
is overestimated. As the larger contributions from flux in the
insulation and the conductor are not effected, the errors in the
inductance calculations are smaller.

B. Results for an Export Cable with Magnetic Steel Armor

The cable considered here has the same geometry, but
the stainless-steel armour is replaced by magnetic steel with
permeability 270-80j and conductivity taken from Table 1 of
IEC 60287 [14] with a temperature of 60°C. Fig. 10 and
Fig. 11 show the values of the positive-sequence resistance
and inductance of this cable obtained from the two models.
These two graphs are very similar to those for the previous
case; the graphs of resistance all have 3 significant features in
common: at low frequencies, the graphs curve upward, as the
sheath currents and losses increase; around 500 Hz, they curve
downward, as most of the current now returns in the sheaths,
the sheath losses increase more slowly; at high frequencies, the
graphs curve upward again, as the skin effect in conductors
and sheaths increases.
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Fig. 10. Analytical calculation and FEA solution of positive-sequence

resistance with magnetic armor.

Although the graphs are similar, there are some significant
differences; see Fig. 12. At low frequencies, use of magnetic
armour increases both the resistance and the reactance.

The reduction in reactance at higher frequencies is counter-
intuitive but can be explained. In the single-phase equivalent
circuit, the return current flows through the sheath resistance
in parallel with the sheath reactance; the reactance of this
return path is maximum when the sheath reactance is equal to
the sheath resistance. Hence, at higher frequencies, increasing
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Fig. 11. Analytical calculation and FEA solution of positive-sequence
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Fig. 12. Effect of magnetic armour on positive-sequence impedance.

the inductance to sheath current reduces the overall reactance.
At the highest frequencies, magnetic armour has little effect.
This is because most of the current returns in the sheaths,
screening the armour from the field of the conductor currents.
The maximum increase in the loss is around three times the
maximum armor loss; increased sheath currents contribute
most to the increase in resistance.

VII. VERIFICATION RESULTS FOR ZERO-SEQUENCE
MODELS

For each of the two cables considered above, we compare
the values of zero-sequence impedance calculated by the
method described in Section III with those from the finite-
element models described in Section V.

A. Results for an Export Cable with Stainless Steel Armor

Fig. 13 shows that the two models give very similar esti-
mates of the zero-sequence resistance at frequencies below 2
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kHz. However, at higher frequencies, the value given by the
finite-element model increases much faster than the value from
the analytical model (Fig. 13). As in the positive-sequence
case, this is attributed to the skin effect in the sheath, which
is not included in the analytical model.
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Fig. 13. Analytical calculation and FEA solution of zero-sequence resistance.

Fig. 14 shows the corresponding inductances calculated by
the analytical and FEA models. Both methods show signifi-
cant reduction in inductance as the proportion of the current
returning in the sheaths increases.
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Fig. 14. Analytical calculation and FEA solution of zero-sequence inductance.

The two models give similar values of resistance and
reactance. Except for the resistance at frequencies above 3.2
kHz, none of the discrepancies are greater than 3.5%.

B. Results for an Export Cable with Magnetic Steel Armor

The graphs of zero-sequence resistance (Fig. 15) are similar
to those for non-magnetic armour, except at low frequencies
where both models show lower resistance. This difference is
attributed to the lower DC resistance of the magnetic armour
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Fig. 15. Analytical calculation and FEA solution of zero-sequence resistance
with magnetic armor.

itself (relative to that of stainless steel), which carries a
significant proportion of the return current at these frequencies.

The graphs of zero-sequence inductance (Fig. 16) are also
similar to those for non-magnetic armour. The two models
have slightly larger discrepancies than those for the cable
with non-magnetic armour but, except for the resistance at
frequencies above 3.2 kHz, none of the discrepancies are
greater than 4%.
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Fig. 16. Analytical calculation and FEA solution of zero-sequence inductance
with magnetic armor.

Fig. 17 illustrates the percentage error of the resistance,
reactance and total impedance. A positive percentage error
indicates that the values calculated analytically are larger
than the FEA solution. At higher frequencies, the impedance
is dominated by the reactance. Thus, the larger errors in
resistance do not contribute significantly to the discrepancies
in the overall impedance.
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Fig. 17. Comparison of errors in the resistance, reactance and impedance for
the zero-sequence solution with magnetic steel armor.

C. Effect of Water Depth

As the analytical model takes the ground-return impedance
Ry + jX, from the infinite-sea model, it ignores the water
depth. We have modified the 2D component of the finite-
element model to estimate this impedance for various depths
of water. While the value of 17, given by the infinite sea model
depends only on the frequency, the value from the finite-
element model varies significantly with respect to the water
depth. Ratios of the values from the finite-element models
to those from the infinite-sea model are shown in Fig. 18.
Corresponding ratios of reactance values are shown in Fig.
19. An equivalent conductivity of 2.2 S/m was used in the
infinite-sea model.
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Fig. 18. Effect of water depth on the ground-return resistance. Ratio of the
finite element model to infinite-sea model results.

While these discrepancies are substantial, their effects on
the zero-sequence impedance of the export cable are less than
1.4%, and for depths above 10 m they are less than 0.6%. The
results reported in Sections VII A and VII B above are for a
water depth of 40 m.
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Fig. 19. Effect of water depth on the ground-return reactance. Ratio of the
finite element model to infinite-sea model results.

VIII. CONCLUSION AND FUTURE WORK

The impedance values obtained from the presented analyt-
ical models show good agreement with those from the corre-
sponding finite-element models. For all frequencies between
50 Hz and 5 kHz, the discrepancies in the positive-sequence
impedance are all below 2.9% while those for the zero-
sequence impedance are all below 3%. These comparisons are
all for conventional SL cables with solid sheaths and single-
layer armour. Both magnetic and non-magnetic armor was
considered.

There seems to be no absolute accuracy requirement for
such calculations. In [13], it is suggested that for positive-
sequence impedance errors of 2% at power frequency and 15%
for harmonics frequencies are acceptable, similar estimates
are not provided for zero-sequence impedances. However,
greater uncertainties require larger design margins, which may
increase costs. We assume that, when the modelling errors
are small in relation to the changes in impedance due to
likely changes in cable temperatures, there is little value in
improving the accuracy. We therefore used our analytical
model to estimate the effect of cooling the cable from the hot
(maximum continuous rated) values used above to 10°C. We
found that, except at frequencies above 1.6 kHz, these effects
are larger than the modelling discrepancies.

The proposed method is a more computationally efficient
alternative to finite element methods (as it solves under 10
seconds) and more accessible given the provision of Python
code with implementation of the method.

We have not attempted to estimate the effects of distributed
shunt admittance on the impedances as this would require
a different type of model. Our method could be extended
to enable the calculation of the full series-impedance matrix
required by such model.

The models described in this paper are restricted to ca-
bles that have only one screen for each conductor and only
single-layer armour. Extending the models to cover these
configurations would be useful; in particular, most medium-
voltage array cables have wire screens together with water-
blocking foil screens. The positive-sequence model does cover
the double-armour case if the inner armour is non-magnetic,
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but the zero-sequence model would need to be redefined as a
complex-impedance-matrix model for either double-screen or
double armour cases to be modelled. Extending the positive-
sequence model to cover cables with both wire screens and foil
screens requires only one additional equation to be added to
the matrix, but this requires several extra mutual inductances
to be defined. A key difficulty in development of these
extensions lies in the construction of FEA verification models.
Explicitly modelling these more complex geometries in 3D
is probably impractical due to geometric complexity; instead
we could model a screen or armour layer as a tube with
anisotropic conductivity to represent the heading direction of
its wires. Additionally, while solenoidal inductance is included
in both our positive-sequence and zero-sequence models, eddy
currents driven by the associated axial flux are not considered.
The inclusion of these eddy currents might also be considered.

APPENDIX

The model was solved on a 13th Gen Intel® Core™ i7-
13700 (2.10 GHz) processor with 64 GB RAM. The COMSOL
model solving time was approximately a minute, the solving
time of the method implemented in Python was under 10 s.

The cable used for validation of the method presented
in this work is shown in Fig. 20. The relevant dimensions
and material parameters are presented in Table I, only the
resistivity and permeability of the armour vary between the
two modelled cables.

Armour

Sheaths

239 mm
Conductors

}3&6 mm:
[ —

99.4 mm

Fig. 20. Cross section of cable used for validation, modelled after Case 8
cable from CIGRE 880 Technical Brochure [17].
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TABLE I
CABLE PARAMETERS
Electromagnetic
Voltage 220 [kV]
Current 1000 [A]
Geometric
Conductor diameter 38.6 [mm]
Diameter over insulation (including
X . N . 92.2 [mm]
semiconducting tapes and insulation)
Lead sheath thickness 3.6 [mm]
Distance between conductor axes 104.6 [mm)]
Lay length of power cores 2750 [mm]
Number of armour wires 133
Armour wire diameter 5 [mm]
Central diameter of armour ring 232 [mm)]
Lay length of armour 2900 [mm]
Material
Copper conductor resistivity at 20°C 1.724e-8 [Q2m]
Lead sheath resistivity at 20°C 21.4e-8 [Q2m]
Armour steel wire resistivity at 20°C | 70e-8/13.8e-8 [Q2m]
Armour relative permeability 1/270-801
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