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SUMMARY

CIGRE Technical Brochure 531 is widely referenced for high voltage a.c. cable circuit sequence
impedance calculation in the cable industry. Although it provides quick and reliable results for
underground cable system(s), it has certain intrinsic shortcomings for modern 3-core submarine cable
system(s) due to assumptions and simplifications adopted in deriving the final analytical formulae. In
general, the calculation accuracy of the simplified analytical formulae also becomes less reliable for
higher frequencies (up to the 50™ - 100™ harmonics required for power system studies today). In order
to improve the calculation accuracy and reliability, offshore windfarm developer Orsted has collaborated
with cable supplier NKT to develop new analytical sequence impedance calculation methods for modern
3-core submarine cable system(s). The method presented in this paper is based on first principles, classic
circuit theory, and existing industrial cable design best practice, and has been developed in such a way
to retain an analytical form. The base credibility and accuracy of the developed method is examined
through calculation comparison against alternative numerical method(s). Finally, considering its
analytical nature which inevitably involves certain simplifications, a step-by-step calculation
demonstration is prepared, and supplementary guidelines/ recommendations are provided to clarify its
applicability against various cable designs and operation conditions.
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1. Introduction

For large-scale HVAC power system design and operation, the sequence impedance characteristics of
system equipment/ assets are important design parameters which could greatly influence the system
power flow study and system fault analysis.

Considering the increasing number of HVAC connected offshore windfarm developments with longer
to-shore distances, the amount of submarine cables needed to facilitate these connections increases
sharply and accurate sequence impedance calculations for the cable assets become critical.

However, it has been observed that the calculated sequence impedance values from different suppliers
deviate significantly from each other even for a similar submarine cable design with supposedly simple
designs with non-magnetic armour. It results in greater uncertainties about the value credibility;
therefore, larger design contingency has to be included leading to higher project costs. One possible
cause for this unpleasant situation is the lack of a widely agreed calculation methodology specific for
modern submarine cable systems. Although CIGRE Technical Brochure (TB) 531 ‘Cable Systems
Electrical Characteristics’ [1] proposes simplified analytical formulae, it is better addressed for
underground cable systems while a number of improvements are still needed for submarine cables to
meet the accuracy requirements of modern submarine cable connections.

Therefore, this paper presents an improved analytical calculation methodology based on first principles,
classic circuit theory, and existing industrial cable design best practice (e.g. IEC 60287-1-1 [2]
formulae), taking into account practical offshore windfarm development & operation experience. It is
intended to be a first attempt of aiding the industry to a common approach, but it is recommended to
followed up by a CIGRE work group to update CIGRE TB531 on the matter of submarine cables.

11 Knowledge gap and challenges

When applying Cigre TB 531 sequence impedance calculations for modern 3-core submarine cable
circuits, several challenges are observed without an unambiguous guidance for addressing them.

e Insufficient applicability/ accuracy of the simplified analytical positive sequence impedance
formula for higher frequencies (up to the 50" to 100" harmonic often requested for stability
studies);

e Simplified analytical zero sequence impedance formula has excluded cable armour layer as
parallel earth return path, which could undermine the resulting credibility and accuracy;

e Influence of magnetic armour on the submarine cable component electrical parameter
calculation seems overly simplified;

e No instruction to include skin effect and proximity effect from the rating calculations of
IEC 60287 in the a.c. resistance impedance of the conductor;

e No inclusion of eddy currents now recommended to be included in load calculations by CIGRE
WG B1.56 [3]; and

e No discussion on the inclusion of the lay factor of the core assembly or armour.

Although several comprehensive matrix based numerical calculation methodologies are introduced in
TB 531 Appendices, which could potentially address the above-mentioned shortcomings, unfortunately,
a straight-forward application guidance is not included, which makes it very hard to implement in
practice.

In literature it has also been hard to find well worked guidance, that is not rooted in studies for very high
frequency transients (thus including Bessel functions) or very simplified solutions not coupling the
knowledge from the load calculations of IEC 60287 of SL type cables with transmission line modelling.



1.2 Paper structure

This paper will present two methodologies widely quoted calculation in the industry, that are reviewed
with discussion of both pros and cons when applied to modern submarine cables; and subsequently, the
newly proposed analytical calculation method is introduced followed by a step-by-step application
demonstration with results benchmarking. Finally, the applicability of the new method is discussed, and
potential future developments are outlined to enhance its applicability and accuracy.

2. Calculation Method

For most cable suppliers, a simplified analytical calculation method is preferred. However, there is no
clear industrial consensus for submarine cable sequence impedance calculation and various analytical
methods have been used [1] [4] [5]. In addition, certain suppliers who realise the limitations of existing
analytical methods thus adopt more advanced calculations such as complex impedance matrix (CIM)
and finite element analysis (FEA).

2.1 Existing methods widely used
2.1.1 Cigre TB 531

The Cigre TB 531 presents both a simplified analytical methodology and a comprehensive numerical
methodology to calculate the positive/ negative and zero sequence impedances of submarine three-core
cables. For the sake of easy-to-handle formulae for most cases, the analytical methodology includes
large simplifications and applies only to power frequency.

Within the simplified analytical methodology, the positive/ negative sequence impedance, referred to in
[1] as Zu, corresponds to the ratio of the normal power frequency voltage along the cable to the three-
phase current on the cable conductors and the zero impedance, referred to in [1] as Z;, corresponds to
the ratio of the voltage along the cable to a current equal in magnitude and phase on the three cable
conductors, where the current returns through the metal screens and the surrounding earth. The
associated formulae are reproduced below, and all associated parameters are well defined in [1].
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The self and mutual impedances of the cable conductors and screens used in Equ. (1) and Equ. (2) are
calculated considering that the current flowing in the phase conductors returns through the surrounding
earth. The surrounding earth is modelled as an equivalent conductor with a resistance R’z and an
equivalent depth D, but that the factor /e is “missing” in the numerator in Equ. (4) for offshore cables
in an infante medium (the seabed and the sea) compared to onshore [1] [6] [7] which is often overlooked.
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As described in Section 1.1, this methodology does not include the cable armour as a parallel current
return path. This may lead to significant deviations in the zero sequence impedance compared with other
calculation methods that include the armour return path.



2.1.2 Complex impedance matrix

One way to set up the complex impedance matrix (CMI), reduce it according to Z if matrix calculations
are available, is to set up the full Z matrix for all conductors with the same approximate Carsons formulas
with earth return. The method is described to some degree in Cigre TB 531 [1] Appendix B.7 but not
for submarine cables, and a more descriptive formulation can be found in [8]. Here we will set up the
incident node matrix to reduce the impedance matrix.

The advantage is that the model is set up once and can be expanded to other geometries and additional
ground returns or systems can be added with the same basic setup. It however requires a tool with matrix
calculation capability.
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Figure 1 — Circuit topology for creating the incident matrix for the CIM method

First, the impedance matrix is set up by simplified Carson’s solutions with all inductances referenced to
earth return. This is done based on the x and y coordinate vectors (XX, YY) of all conductors,
3 conductors, 3 screens and the armour. More rows could be added for internal drain wires, Fibre optical
cables, etc.

Taking the 3-core submarine cable design from case 8 of Cigre WG B1.56 study (in final draft at the
time of writing) [3] as an example, the Geometrical Mean Distance GMD matrix is built from the X/Y
vectors for centre position of metallic conductors. For offshore cables earth connections at the
extremities are of often very low resistance (offshore steel platforms or transition joint bays with earth

grid connected to the armour of the cable) and amour and most sheaths are continuously grounded so Re
is neglected.
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Figure 2 — Illustration of GMD matrix build up
In Figure 2, c is the distance from the core centres to the cable centre and s is the core diameter.
From the geometrical representation of the cable geometry, the Inductance matrix Xm can be calculated

for the cable with ground return, similar to the ones set up in Appendix B.7 of Cigre TB 531 [1] but with
screens and armour included.
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Figure 3 — Illustration of GMR and inductance matrix build up

In Figure 3 we have from Table 1, r. the outer radius of the conductors, 7, and 7, are the mean radii of
metallic sheath/ screen and armour, and f; the factor giving the GMR of a solid conductor adjusted for
the skin effect, with y, from IEC 60287, and TB 531. Using the f; factor will, in the further calculations,
account for the internal inductance of the conductor. Fortunately, utilisation of y, from IEC 60287/ TB
531 can provide an accurate result in the frequency range we will focus on, without the need for the
Bessel function expressions of the internal impedance. X, is the inductance matrix which is built up by
a simple 2 step function based Equ. (5) calculating the inductance with ground return (D.):

X;; =2 (D—) (5)
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Where; x is the GMR for the conductor for self inductances, x is the GMR of the outer conductor when
one conductor in enclosed in another and x is the GMD between the conductors if the conductors are
external to each other.

Xmyr is a first suggestion for the implementation of the lay length factors on the inductance, applying
the armour wire lay factor on the armour self inductance, and the Core Lay factor on all other positions.
This may have to be reconsidered at a later stage.

The total Z matrix is subsequently found by adding the resistive part similar to the inductance matrix (as
is done in in Appendix B.7 of Cigre TB 531 [3]), and the inverse Z matrix Y is calculated.
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Figure 4 — Illustration of resistance and Z matrix build up

In Figure 4, R is the a.c. resistances vector which is added to the diagonal of the impedance matrix
including correction for temperature correction (if any) and lay factors as well as proximity effect and
skin effect for the conductors (R...= R.in Equ. (8)); R, from Equ. (23) is the resistance of the ground
return, added in all positions. Y is the inversed impedance matrix.

The zero sequence impedance, Zy, if found from the oriented node-arc graph in Figure 1 describing the
circuit, by applying Kirchhoff’s and ohms laws on the circuit by means of node incident matrix for
oriented graphs as described by Franksen in [9] and [10] also denoted the topology matrix or just the 4
matrix (see Figure 5) for a system. (A denotes arcs in the rows, nodes in the column(s), 1 for arcs
beginning in a node -1 for ending in a node, all 0’s for loops, one node/row exclude as origin, here node
0 for distant ground).

The resulting reduction of the circuit is in line with what is done to reduce the impedance matrix e.g. in
[6], [8] and [11] by what in [11] is referenced as a “Kron reduction” but in [12] is done more directly on
the full inverse Z matrix but without the Graf theoretical bases as with the use of the incident matrix.
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Figure 5 — Illustration of Z, calculation

In Figure 5, Beg and End are the arc vectors stating the beginning and end node number of each arc,
Ay is the incident node/arc matrix describing the zero sequence circuit as an orientated linear graph.
Since there are only 2 nodes in the circuit the zero sequence impedance Zj is found directly from the
reduction. There is good alignment to the analytical result (0.15 %) but it found to be issue implementing
the lay factors, if LF,= LF o there is alignment to calculation tool accuracy (107'%). Going further round
in the “Roth diagram” even the circulating currents can be found, revealing that almost 20 % of the
current returns in the armour and the ground return current can be calculated. I of 10 kA is a sample
current for illustration only.

To calculate the positive sequence impedance it is possible to reuse the setup of the Y matrix (Z) (but
now at operating temperature) we can also calculate the phase matrix by creating a new incident matrix
for a system with 4 nodes since node 1 in Figure 1 is split into 3 so the 3 phase currents can be applied
to the phases. The eddy current should now be included as well.



1 0 100 -1
, . 010 Zoode = ((7A)TAY-7A1 (or Zphase)
0.095+ 0.114i 0.058 — 5.283ix 1073 0.058 — 5.283ix I(f]
3 0 0 0 1 = 0.058 - 5.283ix 10 3 0.095+ 0.114i 0.058 - 5.283ix 10 3 %
Beg:=| 0 End = 0 _A =10 00 1 0,058~ 5.283ix 107> 0,058 5.283ix 107 0.095+ 0.114i
1 = 10004 2 37.056+ 119.322i 1000
0 0 000 1= V) = Zpode ]y =| 8480891752 |-— =500~ 866i
0 0 000 a2 —121.864- 27.569j ~500+ 866i
I = Y(LA-Vy) =| —404-197i |A
0 0 000 ~150.4+ 133.5i
v, (003706 0.11982) 190,85 6351
7y ==L _ | ohm )
A= (i = Beg) ~ (i = End)) F-17 = 0.0972 LT, 7| 003706 0119320 T -0-oi
> 0.03706+ 0.11932j
Z updated to 0,=90° 0,=72.65°C h2=0 . . ohm
p E =72 2y =7+ Re e (F27 1 + 2p) = (0.039707 + 0.1193229-——

Figure 6 — Illustration of Z, calculation

In Figure 6, Beg is now showing the 3 nodes of the end 3 phase conductors. This time a sample phase
current is applied to give the positive sequence impedance and the eddy current is added since it is
decided in Cigre WG B1.56 [3] to include it even for both end bonded systems. The current matrix /;
shows that there is no current in the armour, so the assumption in CIGRE TB 531 simplified analytical
calculation that the armour can be neglected for circulating currents are of course correct for the positive
sequence impedance, but armour losses from the rating calculations should be included for magnetic
armour.

To check the CIM method credibility, the sequence impedance calculated using the simplified analytical
Cigre TB 531 table 12 formulas [1] using the values already calculated for the Z matrix above.
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Figure 7 — Cigre TB 531 analytical calculation comparison

From Figure 7, it can be seen that the CIM method gives perfect agreement (Calculation tool accuracy)
to the Cigre TB 531 analytical calculation for power frequency positive sequence impedance calculation
on the selected submarine 3-core submarine cable design as long as eddy currents A; (from WG B1.56
[3]) are either included or not included in both calculations and that proximity and skin effect is included
in the resistive part of the conductor self impedance. But since the armour is not included in the zero
sequence impedance in TB 531 there is as expected some deviation. 11% on resistance, 7% on the
inductance, more deviations are of course expected for Submarine cables with aluminium or magnetic
steel armour as e.g. reported in [13].

2.2 New analytical method proposed
2.2.1 Method development

At present, modern 3-core HVAC submarine cable design are mostly of separate lead (SL) or separate
aluminium (SA) sheath type with common protective single-layer wire armour. The armour material
can be either magnetic (e.g. galvanised steel) or non-magnetic (e.g. stainless steel, aluminium) and
sometimes, in wet cable designs, the metallic sheath is replaced with metallic wire screen.

Therefore, the newly proposed analytical sequence impedance calculation method is specifically
developed for the modern submarine designs described above. Its applicability towards alternative
submarine designs is discussed in Chapter 3.



Positive/ negative sequence impedance

For the positive/ negative sequence impedance calculation under balanced three phase currents, current
return paths are not considered. Thus, the equivalent three-phase circuit can be simplified as single-
phase circuit due to circuit symmetry and electrical first principles can be applied directly.

Therefore, the 3-core submarine cable positive sequence, Z;, can be defined as
Zy =Ry +jX; (6)

Where; the positive sequence resistance, R;, shall reflect and include associated cable conductor loss,
cable screen/ sheath loss, and cable armour loss. Similarly, the positive sequence inductive reactance,
X, shall reflect and include associated cable conductor internal self inductance, mutual inductance
between conductor and cable screen/ sheath of the same cable core, and mutual inductance between
cable screens/ sheaths from different cores.

Note that the inductance between the cable conductor of one core and cable screen/ sheath of another
core is considered negligible due to the screening effect from the same-core cable screen/ sheath
enclosing the cable conductor. Also, any inductance related to the cable armour and other earth return
paths (e.g. seabed, seawater) is considered negligible compared with other main inductance contributors
because only little or no induced armour circulating current or ground return current is expected under
balanced conductor currents injection due to phase cancellation effect and metallic screen/ sheath
shielding effect.

The analytical formulae for the parameters in Equ. (6) are detailed in Section 2.2.2.

Zero sequence imr)edance

For the zero sequence impedance, the submarine cable under constant three-phase conductor currents
injection is described in Figure 8 assuming both end cable system bonding.

length of cable d km

e
]
=

g '4 31 'i3[0

main ground bus e

connection

connection to ambient
to ambient i la le | ground

ground = =

Figure 8 — Illustrative cable connection

In Figure 8, zero sequence current, /, is injected into the 3x phase conductors with return paths through
cable metallic screen/sheath, 3/, cable armour, /,, and remote ground, /L. in parallel. Note that the factor
3 is included for certain paths due to the fact that there are 3x outgoing conductors, 3x return metallic
screen/sheath paths, 1x return armour path, and 1x return remote ground path from a 3-core SA/ SL type
submarine cable system.

To draw an equivalent circuit from the illustrative cable connection, following assumptions and
simplifications (A&S) have been made.

I.  For SA/ SL type cable, the metallic sheath is normally a thin shell (2 — 3mm), thus its self-
inductance is assumed negligible, in [12] critical frequency f. for S mm lead is calculated to 5
kHz (100 harmonics). Similarly, although the stainless steel (non-magnetic) armour wire
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thickness can reach 4 — 6 mm it still can be considered thin. However, the armour self-flux
linkage will be much weaker than cable phase conductor due the circumferential wire
distribution (contrary to conductor strands deployment). Therefore, the self-inductance of the
wired armour layer is also assumed negligible.

II.  For SA/ SL type cable, the sheath-sheath mutual inductance under zero sequence impedance
shall be negligible because the net flux linkage between any two sheaths loop shall be zero
considering 3x identical conductor current vector in trefoil positions.

III.  For the remote ground return path, the ‘Infinite Sea Model’ is used to represent it as a
dimensionless conductor with certain resistance at a certain distance, therefore its self-
inductance is also neglected.

IV.  The mutual inductance between two objects, e.g. a and b, shall be equal, i.e. Ma, = My, and the
resulting induced emf/ current shall give counter effect to the original current based on Lentz
law. To avoid an infinite loop feedback of counter effect (e.g. induced current on object B from
current in A creates field countering A field and reduces the overall current on A, and the overall
reduced A current then leads to a smaller induced B current, and so on...), the mutual inductance
is only applied to one of the two objects interacting with each other. All the subsequent loop
feedbacks are ignored to simplify the circuit build up which means the assigned mutual
inductance value is expected to be slightly higher than reality.

V. Due to the possible layer shielding effect considering concentric layer positions, mutual
inductances are only respectively considered between core conductor — same core metallic
sheath (Loop 1), metallic sheath — common armour (Loop 2), and common armour — remote
ground earth return (Loop 3). For instance, direct mutual inductance between core conductor
and common armour is covered indirectly though these loops as is also used in the Schelknoff
model described in Cigre B531.

Based on above assumptions and simplifications, the equivalent electric circuit is drawn and presented
in Figure 9 below for the submarine cable zero sequence impedance calculations.

| dxR, iX
0_0_> xRe  dxjXe.er
T Q Loop 1 dx RS
Z
Loop 2
. (O dx3R,
l dxj3Xa I—
O——e— | —o
Loop 3
lo 3Re1 D (D D 3Re2
ground ilg
circuit — —

dx3Rg  dx3jXg

Figure 9 — Equivalent circuit for zero sequence impedance calculation

Where; R, Ry, Ra, Rq, are the per unit length a.c. electrical resistance of conductor, metallic screen/
sheath, armour, and remote ground return, X...;is the effective conductor inductive reactance consisting
of conductor internal inductance and conductor-sheath mutual inductive reactance, X, is the sheath-
armour mutual inductive reactance, X, is the armour-remote ground return mutual inductive reactance,
and R.;, R.; are the two sheath grounding resistances at either cable connection end.

Note that for the equivalent circuit in Figure 9, the sheath inductive reactance X; is not included because
its self-inductance and mutual inductance against other sheath are ignored based on A&S I and II, and



its mutual inductances against core conductor and armour layer respectively have been presented and
included in conductor inductive reactance X...;y and armour inductive reactance X, based on A&S 1V.

The armour inductive reactance X, doesn’t include armour self-inductance based on A&S II, and it only
presents the magnetic interaction between metallic sheath and armour based on A&S IV.

The magnetic interaction between armour and remote earth return is represented by ground inductive
reactance X, based on A&S IV, and the ground inductive reactance X, doesn’t include the ground return
path self-inductance based on A&S III.

Due to the cascade/shield effect from A&S V, the respective magnetic interaction loop between
conductor and sheath (Loop 1), between sheath and armour (Loop 2), and between armour and the
remote earth return (Loop 3) shall not magnetically directly interfere with one another. In addition, A&S
IV requires only one mutual inductance exist within each magnetic interaction loop.

The grounding resistances, R.; and R.», are normally small compared to other impedances in the circuit
diagram and thus can be neglected.

The analytical formulae for the parameters in the Figure 9 equivalent circuit are detailed in Section 2.2.2.
2.2.2  Analytical formulae

Following the sequence impedance calculation methods proposed in Section 2.2.1, supplementary

analytical formulae are introduced in this section. To simplify its application for a wider user group,

existing industrial ballpark cable design calculations (e.g. a.c. resistance, loss factor, etc.) are referenced

as much as possible. However, a balance evaluation between formulae complexity and required

calculation accuracy is always recommended, as per further discussed in Chapter 3.

For the positive/ negative sequence impedance, Z;, calculation under power frequencies, following
analytical formulae are proposed.

Ry =R 1+ 2]+ 2] + 1;] (7)
Re = LFeore Rdc[1 + Fa()’s + Frn_shietd * yp)] (8)

Xl = LFcore ' [ch—int + Fm—enhance (chs + sts)] (9)

_ n-lay_diameter 2
LF = \/1 + [Lengt _of_lay] (10)

_ Ho
Lc—int - 87-[(1+ys) (1 1)

Les =%21n (di) (12)

U 2s
LSS = Fin—shield ﬁln (;) (13)

w = 2nf (14)
Rc 41
Fin—shieta =1 — R_S/ll (15)
Where; R; is the positive sequence resistance per unit length of the cable, R4 is the conductor dc

resistance per unit length of the cable core at specific temperature, R. is the conductor a.c. resistance per
unit length of the cable at specific temperature, F, is conductor resistance enhance factor due to the
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presence of magnetic armour, o is the absolute permeability of the free space, Fisiea 1S the magnetic
field shielding factor due to the screening effect from the core metallic screen/ sheath, Fi-enhance 1S the
magnetic field enhancement factor for air medium inside the cable due to the presence of magnetic
armour, L. is the conductor internal self inductance per unit length of cable core, L., is the conductor-
sheath/screen mutual inductance of the same core per unit length of cable core, Ly is the inter-core
sheath-sheath mutual inductance per unit length of cable core, f'is the operating frequency, LF is the lay
length factor due to stranding mechanism as per detailed in Cigre WG B1.56 recommendations [3], and
LF o is the cable core lay length factor. All other parameters are defined and calculated as per [4] and
IEC 60287-1-1 [2].

The magnetic field shielding effect factor, Fi.snieia, is introduced to represent the core sheath/ screen
shielding effect on conductor resistance proximity effect, y,, and sheath-sheath mutual inductance, L,
taking the expression similar to the approach from IEC 60287-1-1 section 2.4.2.5. A further discussion
of this factor is included in Section 3.1.

The cable conductor internal self inductance, L., is generally considered constant, /8w, under power
frequencies [4]. However, for a more accurate calculation taking into account the conductor skin effect
(i.e. limiting the conductor internal flux linkage area to within the skin depth as the current is pushed
towards outer radii), the Equ. (11) is derived as follows,

Considering a frequency dependant skin depth, J, and a conductor outer diameter, d., the skin effect
ratio [4], kw«, of conductor resistance with skin effect to that without becomes,

)

Tdc _dc
Tmkge =1ty m T =% (16)

(17

= T+

Therefore, as the conductor internal self inductance is proportional to the flux linkage area, the reduced
Lec.in at higher frequencies becomes,

Ho | mdcd Ho (18)

L . =~ =
c—int 2
8m T[(%) 8m(1+ys)

Note that F,, = 1.0 and F-enhance = 1.0 for submarine cables with non-magnetic armour and a ballpark
value of LF .. = 1.01 may be used based on manufacturer experience [3].

The calculation of conductor dc resistance Ry, sheath loss factor A;, armour loss factor A,, conductor
resistance enhancement factor F,, overall inductive reactance X;, and relative permeability u, is further

discussed in Chapter 3 as they may impact the calculation accuracy.

For the zero sequence impedance, Zy, calculation under power frequencies, following analytical
formulae are proposed based on the Figure 9 equivalent circuit [14].
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Where; p is the seawater electrical resistivity (normally 0.2 — 1.0 Q.m) used for the ‘Infinite Sea Model’
[1], rs is the mean sheath/ screen radius, 7, is the mean armour layer radius, D. is the equivalent earth
return path depth, R, is the equivalent earth return per unit length electrical resistance, R; is the a.c.
resistance of cable sheath/ screen at specific temperature per unit length of cable, R, is the a.c. resistance
of cable armour at specific temperature per unit length of cable, and LF, is the cable armour wire lay
length factor. All other parameters are defined and calculated as per [3] and [2].

Note that Fu_ennance = 1.0 for submarine cables with non-magnetic armour and a ballpark value of LF ..
= 1.01 may be used based on manufacturer experience [3].

The calculation of sheath-armour inductive reactance X, armour-ground inductive reactance X,
effective conductor inductive reactance X...p; and magnetic field enhancement factor Fy-eniance 18 further
discussed in Chapter 3 as they may impact the calculation accuracy.
2.3 Analytical method application and benchmarking
2.3.1 Sample step-by-step calculation

The cable design under the sample calculation is taken from case 8 of [3], which is a 220 kV 3-core SL
type submarine cable with 1000 mm? Cu conductor and stainless steel armouring.

Some parameters are temperature dependent and therefore the operating temperature conditions in [3]
are reproduced here, i.e. Oconguctor = 90°C, Ospear = 72.65°C and 6O,pmoeur = 68.52°C as high
temperature condition, and O.onguctor = Osheat = Oarmour = 20°C as low temperature condition. The
calculations are performed for 50 Hz power frequency.

All required input parameters are presented in Table 1, and positive/negative sequence impedance and
zero impedance calculation results are presented in Table 2 and Table 3 respectively.
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Table 1. Input parameters for the example calculations

Parameter Value Unit Reference
Ry (@90°C) 0.0224 Q/km of core Cable datasheet
Vs 0.1444 - [3]
Y 0.0568 - [3]
lay_diameter 1.29-s=134.934 Mm [3]
LF, 1.0311 - Cable datasheet/ Equ. (9)
F, 1.0 - Stainless
Fin—ennhance 1.0 - Stainless
A 0.3585 - [3]
A 0.0972 - [3]
A, 0 - [3]
T 19.3 Mm Cable datasheet
Ts 479 Mm Cable datasheet
7, 116 Mm Cable datasheet
S 104.6 Mm Cable datasheet
f 50 Hz Power frequency
R, (@20°C) 0.1975 Q/km of cable [3]
R, (@72.65°C) 0.2419 Q/km of cable [3]
R, (@20°C) 0.2764 Q/km of cable [3]
p 1.0 Qm Specific site data
Table 2. Positive sequence impedance for the example case at high temperature condition
Parameter Value Unit Reference
LF.ore 1.0118 - Equ. (10)
Fr_shield 0.9596 - Equ. (15)
R, 0.0272 Q/km of cable Equ. (8)
R, 0.0397 Q/km of cable Equ. (7)
Le_int 0.0437 mH/km Equ. (11)
L. 0.1818 mH/km Equ. (12)
L 0.1499 mH/km Equ. (13)
X4 0.1193 Q/km of cable Equ. (9)
Z, 0.0397+0.1193;j Q/km of cable Equ. (6)
Table 3. Zero sequence impedance for the example case at low temperature condition
Parameter Value Unit Reference
R, 0.0493 O/km Equ. (23)
D, 56.5685 m Equ. (26)
Xe—err 0.0708 Q/km of cable Equ. (22)
Xy 0.4010 Q/km of cable Equ. (24)
X, 0.0231 Q/km of cable Equ. (25)
Ry 0.1819 Q/km of cable Equ. (20)
Xy 0.0934 Q/km of cable Equ. 21)
Zy 0.1819+0.0934j Q/km of cable Equ. (19)

2.3.2 Calculation results benchmarking

In this Section, the analytical sequence impedance calculation results from the preceding Section have
been compared with the results from the alternative CIM method and finite element analysis (FEA)
respectively on the same cable design and operation condition(s). Considering the CIM method has been
detailed in Section 2.1.2, only a short description of FEA is given below.
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The FEA calculation has been performed on the 3D cable geometry using the commercial package
COMSOL Multiphysics© [15]. To optimise the computation time, the model geometry consists of a
thin slice of the cable, where periodic boundary conditions are applied at both sides of the cable to
account for the effect of the core and armour axial stranding [16] [17].

The inputs for the FEA model are the geometry parameters and material properties specified in [3], and
the resistivity of the surrounding environment is considered p = 1 Q.m, as in the analytical calculation.

Surface: Magnetic flux density, z component norm (mT}

freq(1)=50 Hz

A 133x107
%107

z

vol o

¥ 1.32x10°

Figure 10 — 3D cable model for Z; calculation at 50 Hz Magnetic flux density plot under 1A
three-phase balanced conductor currents

The calculation of the Z; is done by injecting a current equal in magnitude and 120° out of phase to the
cable cores, and assigning a voltage equal to zero to the sheaths and armour. The output of the FEM
calculation is the impedance of each core, which corresponds the voltage drop along the core divided
by the injected current, and takes into account the self-inductance of each conductive elements and
mutual inductance between all the conductive elements. The calculation of the Z, follows a similar
procedure, by injecting a current equal in magnitude and phase to the cable conductors, and assigning a
voltage equal to zero to the sheath and armour.

Table 4 and Table 5 present the comparison of the Z; and Zj results from the analytical calculation and
alternative methods for the example case, at the same operation conditions.

Table 4. Comparison of Z; results of 50 Hz and at high temperature

Parameter Analytical results FEA results CIM/ TBS531* results Variation
[Q/km] [Q/km] [Q/km] [%]
Z 0.0397+0.1193j 0.0390+0.1184;j 0.0397+0.1193;j
R; 0.0397 0.0390 0.0397 -1.8/0
Xi 0.1193 0.1184 0.1193 -0.8/0

*TB 531 modified with eddy currents and including effect of y, and y, on R, and y, on X(fc1e).

Table S. Comparison of Z results of 50 Hz and at low temperature

Analytical FEA results CIM results TB531 results Variation
Parameter | yoquits [Q/km] [Q/km] [Q/km] [©/km] [%]
Zy 0.1819+0.0934j 0.1831+0.0954j | 0.1818+0.0945] | 0.1639+ 01193j
Ry 0.1819 0.1831 0.1818 0.1639 0.7/-0.15% /-11
Xo 0.0934 0.0954 0.0945 0.1005 2.1/1.1*%/7.1

* known issue with implementation of Lay Factors on inductances, if LF.=LFcor is used there is
perfect alignment between Analytical and CIM results.
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3. Application Recommendation and Future Work
Considering all the analytical formulae in Section 2.2.2 were originally developed for 3-core submarine
cable with non-magnetic armour, as the mostly common export cable design nowadays, under power
frequency operations and lots of supplementary equations are taken from IEC 60287-1-1, its calculation
accuracy may be affected when the cable design and operating condition deviate from the original case.

3.1 Application recommendation

Physical stranding of submarine cable components

In practical manufacturing of 3-core submarine cables, cable component stranding is necessary to
enhance mechanical robustness and stability. Its impacts on cable electrical parameters needs to be
considered and addressed properly. Following application recommendation are therefore drawn,

e When stranded conductor is designed, the helical laying characteristics of the conductor
strands shall be considered in the R4 calculation. Relevant guideline can be found in [3].

e The stranding effects of cable core, cable metallic screen wire, and cable armour wire on
electrical resistance are partially addressed in Section 2.2.2. to update values to a common per
unit cable length basis. If the Rq value is either directly measured from complete cable or
quoted from [EC 60228 as per unit cable length, the LF .o in Equ. (3) shall be removed. When
calculating parameters 1;’, 4;”, 42, R, and R, through IEC 60287-1-1 formulae, appropriate
lay factors shall be applied as per suggested in [3].

e Although one example in [3] applies cable core lay factor to overall metallic sheath/screen
inductance, it is not still clear at this point of time how the stranding mechanism would impact
various inductance calculation in a per unit cable length based system, considering most
inductance calculation formulae assume straight conductor(s) in parallel. For instance, it can
be non-trivial to accurately calculate the mutual inductance between metallic screen wire layer
of one lay length and armour wire layer of a different lay length. Following a similar strategy
as per [3], cable core lay factor, LF ..., has been applied to conductor internal self inductance,
conductor-sheath mutual inductance, sheath-sheath mutual inductance, and sheath(s)-armour
mutual inductance. Armour wire lay factor, LF,, has been applied to armour-ground mutual
inductance. A further study on this aspect is recommended.

Non-magnetic armour and magnetic armour

For most export submarine cable designs with stainless steel armour, the armour loss is considered
negligible (i.e. A, = 0), there is no additional influence on various inductance calculation inside the cable
(i.e. Fo-ennance = 1.0), and there is no conductor a.c. resistance or screen loss enhancement as mentioned

in [3][4].

When magnetic armour is used (most array submarine cables), following application recommendations
are drawn,

e Due to a strong skin effect of magnetic armour, an enhancement factor, F.q., between armour
dc resistance and a.c. resistance shall be used. A factor value between 1.2 and 1.4 may be used
as per IEC 60287-1-1 recommendation. However, for non-magnetic armour, Fgeqc = 1.0 is
recommended based on comparison against FEA modelling.

e The armour loss factor 4. is no longer negligible and it shall ideally include armour hysteresis
loss and eddy current loss. [IEC 60287-1-1 formula may be used but would overestimate the loss
factor. It is recommended to align with Cigre WG B1.64 development work and update once
concluded.
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The cable conductor a.c. resistance may increase due to the presence of magnetic armour similar
to pipe-type cables where F,= 1.5 as per section 2.1.5 of [2]. However, it is recommended to
refine this factor through comparison against practical measurement or FEA modelling.

Due to the presence of the magnetic armour, the air medium enclosed by the armour layer may
have a higher effective permeability due to magnetic field compaction which could impact the
mutual inductance calculation. The concept has been considered in IEC 60287-1-1 on SL/SA
type cable sheath loss factor calculation of adopting the 1.5 enhancement factor. Therefore, a
similar field enhancement factor, Fiu-enhance, may be assigned. However, the general value of such
parameter is not available at the moment and its quantification could be empirical and require
comparison against practical measurement or FEA modelling.

Higher frequencies application

For system harmonics analysis, submarine cable positive/ negative sequence impedance at higher
frequencies (up to 5000 to 6000 Hz) may be required. Although IEC 60287-1-1 is not intrinsically
created for higher frequencies, following application recommendations are proposed to utilise existing
formulae as much as possible.

All existing IEC 60287-1-1 formulae involving frequency components may still be used at
higher frequencies by simply updating parameter f'and .

The sheath magnetic field shielding effect factor, F.snieia, adopts a similar approach as per IEC
60287-1-1 section 2.4.2.5 and is expected to become stronger as operating frequency increases
under Lenz’s Law. The physical interpretation of its application to sheath-sheath mutual
inductance, Ly, is that when the frequency increases, the induced sheath current will eventually
mirror the conductor current of the same core but in opposite direction. Under a balanced
loading assumption and symmetrical sheath positions, the overall flux linkage between any two
sheaths due to the three sheath currents would approach zero under phase cancelling, leading to
a reduction in sheath-sheath mutual inductance.

However, for submarine cables with magnetic armour, this shielding factor can become negative
mathematically beyond a particular high frequency value due to an empirical 1.5 factor in the
A1’ formula (section 2.3.10 of [2]). To interpret it through physics perspective, it implies that the
proximity effect factor is reduced to negligible beyond that frequency. Considering the factor
1.5 in ;" is kind of empirical from specific pipe type cable measurement, one may reduce it to
1.2 or even 1.0 so that it still represents the correct physics expectation as frequency increases
but also mathematically valid over the high frequency ranges under study.

For information, a comparison between the proposed analytical method implementing above application
recommendations and FEA modelling has been carried out at high frequencies on the same cable design
with results being outlined below.

Table 6. Comparison of Z; results of high frequencies and at high temperature

Frequencies Analytical results FEA results R, Variation | X, Variation

[Hz] [/km] [22/km] [%] [%o]

50 0.0397+0.1193j 0.0390+0.11844 -1.8 -0.8

200 0.145+0.3825j 0.1390+0.3662j -4.1 -4.3

500 0.263+0.7277; 0.2409+0.7157] -8.4 -1.6
1000 0.32+1.2906j 0.3141+1.27945 -1.8 -0.9
2000 0.365+2.4549j 0.3916+2.3964j 7.3 -2.4
5000 0.4378+5.9746j 0.4838+5.7391 10.5 -39
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According to the design experience from an offshore wind developer, a positive sequence impedance
value uncertainty up to circa. 10% is considered acceptable for system study, compared with a much
bigger discrepancy observed between Cigre TB 531 analytical method and some commercial system
study packages (e.g. PSCAD).

3.2 Further development

Based on all presented in preceding sections, several further development actions are suggested to
further increase the accuracy and applicability of the proposed analytical methods.

Although all the FEA modelling results presented in this paper have been cross-checked between authors
from both developer and supplier sides through slightly different 3D models, it is recommended to carry
out site sequence impedance measurement(s) in the future to validate the FEA modelling as such
technique is still very recent for full-scall 3-core cables.

Another piece of future work is to improve the mutual inductance calculation accuracy between two
components of different lay lengths, and its implementation in the calculations. It is recommended to
start with a sensitivity study of the impact of uncertain mutual inductances on the overall sequence
impedance values.

In this paper, we have for the zero sequence impedance calculation throughout, included proximity effect
used in the load calculations in IEC 60287 and excluded the eddy current, this because the proximity
effect is part of the ac resistance of the conductor. It can however be seen from the side result from the
CIM calculations, that there is a 80% screening of both effects for this particular cable design, and it is
suspected that the two effects (without screen screening) are larger for zero sequence compared to

positive sequence (e.g. a factor +v/3 ?), still, for most designs it is expected that the included proximity
effect in total is significantly lower than shown, and the excluded eddy current cannot be completely
excluded, which will have to be addressed in future works.

Finally, when magnetic armour is used, further work is needed to refine the armour loss factor
calculation as suggested previously and such factor shall ideally capture the frequency dependant armour
hysteresis losses. Additional future works may involve empirically quantifying the so-called magnetic
field enhancement factor, Fi-enance-

4. Conclusion

This paper examines existing sequence impedance calculation practice for 3-core submarine cable
circuits with magnetic armour and outlines several knowledge gaps and application challenges based on
practical project experiences. After a thorough search and review of relevant literatures, an improved
analytical calculation method has been developed and proposed to specifically address the identified
existing challenges, through a collaboration between offshore windfarm developer and cable supplier.
Such method is primarily based on equivalent circuit theory and developed in simplified analytical form
for easy application, with its credibility and accuracy being cross-checked against the more complex
numerical methods using the complex impedance matrix method combined with the incident matrix to
simplify the matrix reduction and prepare for scalability. With a step-by-step calculation guidance and
supplementary application recommendations, the authors believe this method can help to bridge existing
knowledge gap and be practically beneficial to the cable industry and encourage future work e.g. in a
Cigre work group supplementing TB 531.
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