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SUMMARY
This paper presents the impact of alternative cable impedance modelling assumptions on harmonic
loss calculations in offshore wind power plants. The calculated results are shown in terms of positive
sequence harmonic attenuation and harmonic distortion level within the wind power plant electrical
infrastructure. Different armour representations are used in the calculations: tubular armour
representation, and stranded wire armour representation. For each of the two representations, the
calculated results are shown when including skin effect only, and when also including proximity
effects. We also show initial results from an experimental model which utilizes stranded armour
representation with inclusion of hysteresis losses in addition to skin and proximity effects.
It is shown that the choice of cable modelling greatly affects the positive sequence resistance and
inductance at harmonic frequencies, which in turn affects the harmonic attenuation. In particular, the
inclusion of proximity effects in addition to skin effect greatly affects the resistance and inductance.
The results by the alternative cable modelling approaches are compared to that by a commonly applied
modelling approach in IEC 60287-1-1:2006 when applied in system-level studies of harmonics
attenuation in a real-life large offshore wind power plant. The work has been carried out as part of an
R&D project at SINTEF in collaboration with Ørsted Wind Power.
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INTRODUCTION
The assessment of resonance damping in offshore Wind Power Plants (WPPs) is becoming an
increasingly important and challenging task as the electrical infrastructure of the WPPs is increasing in
size. Cables in the collection grid, transformers at the offshore substation, long HVAC transmission
cables, onshore transformers and other components create various resonance scenarios in the system.
Resonance characteristics, especially within the low-frequency range, create challenges for robust
design of a WPP electrical system.
Furthermore, as the system is designed for low damping to decrease the transmission losses, the
damping of harmonics will be low. As a result, adverse issues can result in relation to harmonic
distortion within the system, as well as small-signal stability of grid-connected converters.
Therefore, it is important to be able to correctly estimate the electrical damping (i.e. frequencydependent equivalent resistance) to optimize the electrical infrastructure. The power cable losses at the
fundamental as well as harmonic frequencies have the most prominent impact on the system overall
damping [1]. Nowadays, the submarine cables in offshore WPPs are characterized by complex designs
(e.g. stranded cores, twisted armour etc.). Proper modelling of such cables in terms of losses requires a
substantial effort that goes beyond the commonly accepted industrial standards, e.g. IEC 60187-11 [2].
This paper shows some alternative ways of harmonic loss modelling in three-core armoured submarine
cables, and their impact on the overall WPP resonance characteristic profile [3]. We consider two
alternative armour representations:
1. Tubular armour. The stranded armour is represented by an equivalent tubular conductor
having the same DC resistance as the stranded armour. Such modelling is frequently applied
in EMTP-type simulation programs for simulation of electromagnetic transients.
2. Stranded armour. Each armour strand is explicitly represented.
For each of the two armour representations, we show the effect of alternative procedures for including
frequency-dependent eddy-current effects:
 Including skin effect only, or
 Including skin and proximity effects
The effect of the above modelling approaches is demonstrated for a 220 kV three-core armoured
export cable, in terms of frequency-dependent series impedance and the attenuation of resonances in a
WPP.
ANALYZED WIND POWER PLANT
The offshore WPP under investigation has around 600 MW of installed capacity. The WPP is designed
with two offshore substations and one onshore substation. The collection grid voltage is 34 kV, the
export system voltage is 220 kV and the connection to the transmission network is at 400 kV. Figure 1
presents a simplified Single-Line Diagram (SLD) of the most important electrical components.
The 220-kV export cable is around 70 km: 12 km of underground cable, 7 km of three-core landfall
cable and the rest of the route as three-core submarine cable. The cable model under investigation is
the three-core submarine cable, since it covers the longest length of the route.
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Figure 1 Simplified single line diagram of the investigated wind power plant.

ANALYZED POWER CABLE
The geometrical properties of the considered 220 kV cable are shown in Figure 2 and Tables 1 and 2.
The cores are fitted with a lead sheath and are placed inside a single-layer round wire steel armour.

1 – aluminium conductor,
2 – conductor screen, 3 – insulation,
4 – insulation screen, 5 – swelling
tape, 6 – lead alloy sheath, 7 – PE
sheath, 8 – fibre optic cable,
9 – filler, 10 – bedding,
11 – armouring, 12 – outer sheath

Figure 2 Geometrical properties of cable under consideration
Table 1 Three-core submarine cable physical parameters (as indicated in Figure 2).

Item
number
1
2
3
4
5
6
7
10
11
12

Parameter name
Conductor, aluminium core
Diameter over conductor
Conductor screen
XLPE insulation
Insulation screen
Swelling tape
Lead alloy sheath
PE sheath, semiconducting
Diameter over single core cable
Bedding, polypropylene yarns
Armouring, galvanized steel wires
(82 pieces)
Outer serving, polypropylene yarn

Parameter
values

Units

34.4

mm

2.2
21.6
1.5
0.5
2.2

mm
mm
mm
mm
mm

2.0

mm

3.0

mm

7.0

mm

6.0

mm
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Table 2 Electrical properties of the submarine cable materials used to derive Model 1, Model 2, and Model 3.

Item
Additional parameter name
number
1
Aluminium DC resistance
2
Aluminium temperature coefficient
3
Conductor temperature
XLPE insulation relative permittivity
4
(dielectric constant)
5
Lead alloy electrical conductivity
6
Galvanized steel electrical conductivity
7
Galvanized steel relative permeability
8
Earth conductivity
9
Phase current
10
Armour wire gap distance
11
Armour pitch
12
Core pitch

Parameter
values
0.05
4.3·10–3
20.0
2.3
3.5·106
7.2·106
100.0
3.0
850.0
0.1
2.0
5.0

Units
Ω/km
Ω/°C
°C
–
S/m
S/m
–
S/m
A
mm
m
m

The conductor conductivity is dependent on temperature. The temperature (T) dependency is modelled
as following
σ(T20 )
σ (T)=
(1)
1+k (T–T20 )
where k is the aluminium core temperature coefficient. In the studies the conductor temperature is
assumed to be 20°C to simplify the calculations.
CABLE MODELLING
Proper analysis of underground and submarine cable systems requires the ability to calculate the cable
impedances and associated conductor losses taking into account the frequency-dependent effects
resulting from eddy current effects in the conductors (skin and proximity effects). Such impedance
calculations can be performed using 2D Finite Element (FE) programs (e.g. Flux or similar). In this
work we use an alternative approach which is computationally more efficient than FE, without loss of
accuracy. That method (MoM-SO) makes use of equivalent surface currents formulated as low-order
harmonic expansions [4]. It permits to compute the series resistance and inductance of power cables
while accounting for skin, proximity and ground return effects in both conductors and earth. The
reader is referred to [4] and [5] for additional information. One salient feature of MoM-SO is that it
permits to include skin effect only by choosing the harmonic order as zero, and to additionally include
proximity effects by increasing the order. That way, the effect of including proximity effect can easily
be investigated in the same software.
In practice, the steel wires are twisted with respect to the cable cores. The twisting has several impacts
on the cable impedance.
 With positive sequence current application, the magnetic induction along each wire varies
along the cable such that the total induction along one pitch is zero. Therefore, the net current
flowing in each wire can be assumed to be negligible along a practical cable length, provided
that the wires can be assumed to be insulated from each other.
 In the other extreme assumption with wires in galvanic contact, the current may shift from one
wire to the next along the cable so that a net current could still flow in each wire, similarly as
with straight wires. It is not clear to what extent such current shunting will actually take place.
 The twisting also results in that each wire gets a magnetic field component in then
longitudinal direction which leads to additional losses due to hysteresis effects in the steel.
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A recent work [6] shows a procedure for improving the accuracy of 2D tools by allowing to choose
between alternative assumptions for twisted wire armours. The individual wires are either (i) insulated
from each other, or (ii) assumed in galvanic contact (bonded).
In the following we show calculated results where these two armour representations are used
(Model 1, Model 2), together with MoM-SO for inclusion of skin and proximity effects. We also show
some results with inclusion of hysteresis effects (Model 3). These models are described in more detail
below. The associated plots show a 2D cable cross-section and the z-axis is reflecting the current
density. All current density plots are with an 850 A positive sequence current application on
conductors with sheaths and armour assumed on ground potential.
Model 1
This model of a three-core submarine cable does not take into consideration the stranding of the
armour, instead representing it as an equivalent tubular conductor having the same DC resistance. This
type of armour modelling seems to be a popular industrial approach as it is available in many EMTPtype simulation programs for electromagnetic transients.
Figure 3 shows the geometrical layout where the tubular armour can be clearly seen. Figure 4 shows
the electrical current density at 550 Hz in all conducting layers (i.e. aluminium core, alloy sheath and
galvanized steel armour). With skin effect only (left), the current density is cylindrically symmetrical
on all conductors. With inclusion of proximity effects (right), the current distribution becomes very
uneven.

Figure 3 Geometrical layout of three-core submarine cable with tube armour.

(a)

(b)

Figure 4 The impact of (a) skin effect and (b) skin with proximity effects on assymetry in electrical current
density at 550 Hz in various conductors in a three-phase submarine cable.
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Model 2
This model is similar to Model 1 but explicitly represent the armour as a set of stranded wires instead
of a tubular conductor. The strands are assumed to be in galvanic contact with each other so that the
current can freely shunt from one wire to the next. This modelling assumption is achieved by treating
the wires as straight conductors with a common voltage drop dV/dx=0 on all wires. As a result, the
current density becomes uneven among the wires as the current is highest in the wires closest to the
cores. This modelling approach leads to a different series impedance than Model 1, in part because the
stranding gives a series of air gaps that impede the flow of magnetic flux through the armour.
 Figure 5 shows the geometrical layout of the analysed cable with stranded armour.
 Figure 6 presents shows the current density on conductors at alternative frequencies with
inclusion of both skin and proximity effects: 50 Hz, 150 Hz, 550 Hz and 2450 Hz. Moreover,
it can be seen that the current density inside the armour is higher in close proximity to the
conductors, similarly as with Model 1.

Figure 5 Geometrical layout of three-core submarine cable with stranded armour.

(a)

(b)
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(c)

(d)

Figure 6 Electrical current density in a three-core submarine cable with stranded galvanized armour wires at
(a) 50 Hz, (b) 150 Hz, (c) 550 Hz, and (d) 2450 Hz.

Model 3
This is an extension of Model 2 which has two additions:
a) Enforcement that the induced net current on strands is the same for all strands [5], i.e. the
currents differ only in terms of eddy currents,
b) Inclusion of hysteresis losses and rotational currents on conductors.
Addition a) takes into consideration that the twisting of the steel wires will prevent the net (total) wire
current from being different among the wires. Addition b) is a method still under validation which
considers the longitudinal magnetic field component parallel to the strands in addition to the
circumferential component. This longitudinal field component leads to the presence of induced
rotational currents on the different wires, and additional losses from hysteresis that are included via a
complex permeability value. Figure 7 shows the nonuniform current density and Figure 8 shows the
rotational currents in the armour wires of Model 3.

Figure 7 Electrical current density for Model 3 at
550 Hz.

Figure 8 Rotational currents in armour wires for
Model 3 at 550 Hz.
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COMPARISON
Variants of Model 1 and Model 2 are in the following applied in harmonic analysis of a real-life WPP
electrical system with three-core submarine cables. The comparison includes the following cases:
 Ideal case, i.e. no harmonic losses modelling where the 50 Hz resistance is assumed across the
whole frequency range,
 Delivered by the supplier, based on the commonly used IEC 60187-1-1 standard,
 Model 1: Tubular conductor representation of armour
o Including only the skin effect,
o Including both skin and proximity effect.
 Model 2: Stranded wire representation of armour, assuming all wires in galvanic contact.
o Including only the skin effect,
o Including both skin and proximity effect.
Model 3 is not used in the analysis since the hysteresis effect is non-linear, being dependent on the
current flowing along the cable conductors. The currents vary along the cable.
Positive sequence equivalent resistance
The cable positive-sequence impedance as provided by the manufacturer is based on commonly
known calculation procedures described by the industry standards. The resistance of a conductor is
calculated according to formulas specified in IEC 60287-1-1:2006 taking also the skin and proximity
effects into consideration.
Figure 9 shows the positive sequence resistance (R+) in p.u. from 50 Hz to 2.5 kHz marked as follows:
 Model 1a (green): armour as an equivalent tubular conductor including only skin effect,
 Model 1b (blue): armour as an equivalent tubular conductor including skin and proximity
effects,
 Model 2a (red): armour as stranded wires including only skin effect,
 Model 2b (yellow): armour as stranded wires including skin and proximity effects,
 IEC (pink) from the cable manufacturer derived based on the IEC standard.
Figure 10 shows the associated positive sequence inductance (L+), in p.u.
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Figure 9 Submarine cable equivalent frequency-dependent positive-sequence resistance.
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Figure 10 Submarine cable equivalent frequency-dependent positive-sequence inductance.

Wind power plant electrical infrastructure
The WPP is investigated in intact operation. The only varying parameters are harmonic losses
estimation of the offshore three-core submarine cable. No inductance frequency-dependent
characteristic has been introduced to more clearly see the effect of the modelling assumptions via R+
on the damping of resonances.
The following modelling variations are included in the successive subsections:
 No harmonic losses modelling (grey), i.e. the resistance of all WPP components is equal to the
fundamental frequency (50 Hz) value over entire range of frequencies.
 Model 1a (green): armour as an equivalent tubular conductor including only skin effect,
 Model 1b (blue): armour as an equivalent tubular conductor including skin and proximity
effects,
 Model 2b (yellow): armour as stranded wires including skin and proximity effects,
 IEC (pink) from the cable manufacturer derived based on the IEC standard.
In order to define possible resonances within the electrical system under consideration, the frequency
sweep method is very useful. Combined with harmonic propagation studies it is a powerful way of
performing harmonic studies and it gives a good overview of the system behaviour from a harmonic
perspective. In this work, commercial tools were used to calculate the impedance frequency sweeps.
Since the resonance at the transmission level is mainly caused by the transmission cables and the
onshore (or offshore, depending on the busbar of interest) transformers, the difference in length of the
transmission cables also has a strong impact. The results presented in Figure 11 are obtained for one
specific (i.e. intact) external WPP network short-circuit frequency-dependent characteristic with the
WPP in normal operation. The impedance profile is obtained at 220 kV from the HV side of the
offshore GT, seen between the WPP offshore electrical infrastructure and almost 100-km long HVAC
transmission cable connected to the onshore substation (POC in Figure 1).
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Figure 11 The impact of the cable harmonic losses modelling on system resonance damping at the offshor e
substation (frequency range: 50-1800Hz).

In Figure 11 it can be clearly seen that depending on the harmonic losses modelling, the resonances
can be less or more effectively damped. To align all the resonance frequencies for the different cable
models, the positive sequence inductance was assumed to be equal for all the cases and only the
(frequency-dependent) positive-sequence resistance characteristic was changed. However, based on
the results presented in Figure 10, it can be seen that the positive sequence inductance can also
significantly differ depending on the modelling approach which will lead to shift of resonance
frequencies.
Figure 12 shows the impedance sweep at the 220 kV offshore substation busbar within a wider
frequency range from 1800 Hz to 3800 Hz, using different cable models: ideal cable model (grey line),
cable manufacturer model according to IEC (pink line), Model 1a (green line) with only skin effect,
Model 1b (blue line) with skin and proximity effects and Model 2b assuming stranded wire armour
representation (yellow colour). The resonant peaks are largely damped when using Models 1b and 2b,
compared with the ideal cable model as well as the model according to IEC.
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Figure 12 The impact of different harmonic losses modelling techniques on the resonance characteristic at the
offshore substation.
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Exact positive sequence impedance estimation at selected resonance frequencies is presented in Table
3. It can be seen that the impact of harmonic losses modelling is much pronounced at higher
frequencies.
Table 3 Impedance estimation for resonance frequencies at 220 kV offshore substation.
Resonance
frequency
198 Hz

735 Hz

2763 Hz

Impedance

Ideal

Model 1a

Model 1b

Model 2b

IEC

|Z+| in Ω

356.5

349.0

349.7

351.2

353.8

R+

in Ω
%Z+ of Ideal

355.0
100%

347.6
98%

348.4
98%

349.8
99%

352.3
99%

|Z+| in Ω
R+ in Ω

1209.2
1205.5

206.2
205.4

313.8
313.5

314.4
314.2

565.5
565.5

%Z+ of Ideal
|Z+| in Ω

100%
1633.0

17%
164.6

26%
231.7

26%
212.0

47%
409.4

R+ in Ω
%Z+ of Ideal

1625.5
100%

164.5
10%

231.7
14%

212.0
13%

409.4
25%

Furthermore, the Total Harmonic Distortion (THD) level is calculated at selected busbars to show the
impact of cable harmonic losses modelling on harmonic propagation through the WPP offshore
electrical infrastructure. The WPP shown in Figure 1 is used for the system-level studies and the WTs
are considered as the only source of harmonic emission in the investigated system. The THD levels for
both, i.e. onshore and offshore, busbars at 220 kV are presented in Table 4.
It is shown that the use of frequency-dependent characteristic to model cable harmonic losses can
reduce the THD level by almost 30% for Model 2b which is believed to be the most accurate. The
model based on IEC underestimates positive-sequence resistance within harmonic frequencies.
Model 1b and 2b which include the proximity effect seem to be the most accurate. There is hardly
noticeable difference in modelling the armour as stranded wires. It is worth to note that only harmonic
frequencies are excited in the studies and the resonant frequencies are very often not at the integer
multiple of power system fundamental frequency. Therefore, the results in Table 4 are not reflecting
the worst case, however, are believed to represent realistic behaviour.
Table 4 Total harmonic distortion estimation at 220 kV offshore and onshore substations.
Busbar

Harmonic
distortion

Ideal

Model 1a

Model 1b

Model 2b

IEC

220 kV
Offshore
Substation

THD in %

0.405

0.264

0.292

0.288

0.347

%THD of Ideal

100%

65%

72%

71%

86%

220 kV
Onshore
Substation

THD in %

0.456

0.306

0.340

0.336

0.397

%THD of Ideal

100%

67%

75%

74%

87%

The frequency sweeps add useful information about the impedance profile the WPP. This allows for a
more qualified interpretation of the harmonic propagation studies, energization studies and constitutes
a useful input to the control stability studies.
In principle, by using detailed frequency-dependent impedance cable models, it could be possible to
further optimize the harmonic filters in the onshore substation and WTs, and even reduce their rating.
Which could potentially reduce the cost of electrical infrastructure in the system. Additionally, the WT
control could be tuned better to avoid harmonic instability issues [1].
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CONCLUSIONS
This paper gives an overview of some cable equivalent impedance modelling techniques. It describes
the impact on current distribution across the cable conductors and damping (i.e. magnitude of
resonances) associated with using more advanced models for the cables. Furthermore, it emphasizes
challenges that can occur in offshore WPPs in relation to resonances at harmonic frequencies,
considering resonance profiles and their damping. The general description is complemented with
impedance frequency scans from a real-life offshore WPP. The study demonstrates the impact of the
modelling approach for the transmission cable in terms of the harmonic impedance seen at the
offshore substation (i.e. HV side of the GT, between the offshore GT and HVAC cable).
The positive sequence impedance was found to have several resonance peaks between 50 Hz and
2500 Hz. Inclusion of (frequency-dependent) skin and proximity effect in the cable modelling was
shown to give a strong reduction in the harmonic resonance peaks. Also, use of the IEC calculation
was shown to underestimate the resistance at higher frequencies. From the above it follows that
inappropriate modelling of the cable can lead to incorrect evaluation of WPP electrical behaviour
(e.g. harmonic propagation, grid-connected converter stability, transient response). Such incorrect
evaluating can lead to a costly over-design.
This study focused on the modelling of the WPP transmission systems, i.e. the transmission cable. The
modelling of the MV collection grid is also of importance and should therefore make use of
appropriate models of the system components, including the array cables. The studies show the impact
of harmonic losses modelling of the three-core submarine cable including
(i) lack of harmonic losses in the model,
(ii) harmonic losses model provided by the supplier based on the 60287-1-1:2006 standard,
(iii) tubular armour representation including only the skin effect in all conductors,
(iv) tubular armour representation including both skin and proximity effects in all conductors,
(v) stranded representation of armour including skin and proximity effects in all conductors.
Based on the studies, the following conclusions can be drawn:
 The modelling of the harmonic losses is important in overall WPP electrical infrastructure
optimization.
 Damping overestimation during system studies could result in unexpected high harmonic
levels in realised WPP systems causing potential components stress, malfunction as well as
potential problems grid code requirements.
 Damping underestimation could cause WPP overdesign and components overdimensioning
leading to the cost increase.
 Undamped resonances could require additional filtering by means of big high-pass filters
(e.g. C-type passive filters) which are not feasible to be installed offshore.
 Trustworthy system damping estimation is important to correctly evaluate the (i) stability of
grid-connected converters, e.g. WTs, STATCOMs, (ii) harmonic attenuation in the system,
(iii) transient response of the system during e.g. energization.
It is remarked that although the methodology was demonstrated for the positive sequence component,
it can be utilized for any sequence component, e.g. negative and zero sequence. Actually, the
calculated impedance matrix is a full 7×7 matrix with respect to conductors, sheaths and armour, from
which the positive sequence impedance is calculated via matrix manipulation.
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