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Power losses related to the skin-effect in conductors, induced eddy currents in metal sheaths as
well as the hysteresis losses in magnetic steel, are all very important electromagnetic phenomena to
consider in the design of high-voltage AC power cables [2, 6, 8]. Due to the complicated structure
of these cables, which consist of a variety of material constituents and multiply twisted conductor
bundles as illustrated in Figure 1a, it is a non-trivial task to accurately predict the effect of these
loss mechanisms. Presently, it is for this purpose that numerical techniques based on Finite Ele-
ment Modeling [2, 3] and the Method of Moments [8] as well as analytical techniques [7] are being
developed. To this end, the analytical solutions of related canonical problems can be very useful as
a fast computational tool to gain physical insight into the behavior of fields and losses with respect
to material and structural parameters.

Helical waveguide structures have been treated previously such as e.g., with helical sheaths [1, 4],
and approximations for wire helices [5, 9]. However, to our knowledge there has not been any general
presentation regarding the analytical modeling of the electromagnetic fields generated by a helical
current distribution. The purpose of this presentation is to provide explicit formulas for the periodic
electric and magnetic Green’s dyadics [7] expanded in cylindrical vector waves and to show how
these expansions can be used to determine a cylindrical multipole expansion generated by a helical
current distribution. The analysis is illustrated by solving a canonical scattering problem based
on three thin helical phase conductors in the presence of a homogeneous cylindrical metal layer
simulating the cable armour as shown in Figure 1b.HVAC Cable Design: Submarine Three-Core
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Figure 1: a) Geometry of a typical three-phase high-voltage AC cable with one layer of surrounding
steel armour. b) Geometry (one unit-cell) of a simplified computational model based on three thin
helical phase conductors and a homogeneous metal layer simulating the armour sheath.

An exact analytical expression is derived for the TE and TM multipole coefficients generated
by the three-phase helical line sources as indicated in Figure 1b. For the numerical examples the
following typical geometry parameters have beed used. The radius of the tripple helix is a = 150 mm,
the longitudinal period of the helix (lay length for power cores) is p = 1.5 m, and the inner and outer
radius of the steel armour sheath is ρ1 = 300 mm and ρ2 = 306 mm, respectively. The results are
validated by studying the limiting behavior of the electromagnetic fields for large p, in a comparison
to a separate solution for straight wires (infinite lay length).

The scattering problem is solved as customary by exploiting a cylindrical multipole expansion in
terms of regular and outgoing waves in the various material regions, cf., e.g., the T-matrix method.
The electric and magnetic power losses are then computed by integrating the corresponding field
quantities according to the Poynting’s theorem. Due to the orthogonality of the cylindrical vector
waves, these computations can be carried out for each azimuthal index of the multipole expansion
and the results can be added up to yield the final electric and magnetic power losses inside the metal
sheath. Some numerical results are shown in Figure 2 illustrating the power losses as a function of
complex permeability in the armour sheath at 50 Hz. The convergence properties in this problem
is good and typically around 7-10 multipole azimuthal indices are suffcient to get good numerical
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accuracy. Here, the current in each phase conductor is I = 1000 A, and the conductivity of the steel
armour is σ = 5.64 · 106 S/m which is a typical value obtained from measurements. The relative
permeability of a typical magnetic steel material at the present magnetic field intensity values has
been estimated to about µ = 400 + i200 where the imaginary part models the hysteresis losses.

The experience from these numerical experiments suggests that the armour losses depend on the
magnetic parameters (complex permeability) in a complicated manner which can not be predicted
in a simple way without proper modeling. In the presented numerical example it is clear that some
permeability values should be avoided, such as around the value Reµ = 60 when Imµ = 5 where
losses are maximal (see Figure 2a) due to a strong magnetic field intensity inside the metal sheath
(see Figure 2b). It is interesting to note that an added imaginary part of µ (hysteresis losses) can
in fact be advantageous over a lossless magnetic material (free from hysteresis) due to the increased
contrast and decreased skin-depth which lower the losses.
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Figure 2: a) Electric, magnetic and total power losses, Pe, Pm and Ptot = Pe + Pm as a function of
complex permeability. b) Average magnetic field intensity Hav(ρ1) in the steel layer as a function
of complex permeability.
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