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Highly accurate approximation for sheath currents in high-voltage three-phase cable line

Introduction. This study focuses on sheath currents in high-voltage single-core XLPE-insulated power cables with solid bonding. The
analysis covers flat and trefoil three-phase cable lines. Sheath current calculation is essential for evaluating thermal conditions, losses,
and overall cable performance. Problem. The regulatory documents of the Ministry of Energy of Ukraine provide formulas for sheath
currents. We examine them by comparing with verified analytical solutions and find significant discrepancies in a wide range of typical
parameters of high-voltage three-phase cable line. So the formulas in the current regulatory document have a narrow range of
applicability, and the engineering calculations based on them may lead to significant inaccuracies and incorrect decisions. Goal. The
paper aims to develop novel formulas for the RMS values of sheath currents in high-voltage three-phase cable lines with flat and trefoil
arrangements of power cables, ensuring the accuracy required for engineering calculations across a wide range of cable line
parameters. Methodology. This study is grounded on the previously developed and experimentally verified analytical model and
corresponding formulas for calculating sheath currents and cable line magnetic field. These verified formulas for sheath currents are too
cumbersome, so an approximation technique is used to find compact ones. Results. A novel approximation for sheath current in the flat
cable line is developed. The discrepancy between the approximation and the verified formulas is within 5 %. Additionally, a new form of
the formula for sheath current in the trefoil cable line is proposed. Scientific novelty. To perform the approximation, an original quality
index is proposed. It is derived from the heat output of metal sheaths of cables. Practical value. The developed approximation for sheath
current can be directly applied to the design of high-voltage cable lines, the analysis of the operating modes, and the control of the
compliance of existing cable lines with actual operating conditions. References 20, table 1, figures 4.
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Bcmyn. B pobomi pozensimymo cmpymu 8 eKpamax OOHOJICUNbHUX CUTOBUX Kabenig 6UcoKoi nampyau, 3 i301ayi€lo 3i 3ulumozo
noniemuneny (XLPE), npu 3a3emnenni 3 000x Kinyig. AHaniz oxonmoe KabenvHi AiHii 3MIHHO20 CIpyMYy 3 PO3MAauly8anHam Kabenie 3a
cxemamu «y NAOWUHIY ma «y mpuxymuuky. Pospaxynox cmpymy é expamax € ead)ciusum npu oyinyi meniogo2o cmawy, empam ma
pedcumy pobomu Kabervroi ninii. Ilpoénema. Hopmamueni Odoxymenmu Minicmepcmea eHnepeemuxu Ykpainu Mmicmams
CRiBBIOHOUEHHSL 01 PO3PAXYHKY CIMPYMI8 8 eKpaHax. AHANi3 yux cniégiOHOWEHb WIAXOM NOPIGHAHHA 3 6ePUGIKOBAHUMU AHATTMUYHUMU
Gopmynamu nokazas 3HauHy po30IdHCHICIb V WUPOKOMY OIaNa3oHi MUNogux napamempie mpugpasnoi kabdenvHoi il 6Ucokoi Hanpyau.
Bionogiono, cniegionowients 6 YUHHUX HOPMAMUBHUX OOKYMEHMAX MAaroms 8y3bKull 0ianasoH 3acmoco8HOC, a iX BUKOPUCTAHHA OJiA
iHDICEHepHUX PO3PAXYHKI6 MOodice npusgecmu 00 3HAYHUX HemouHocmell ma XubHux euctosxie. Memoio pobomu € po3pobKa HOBUX
HAONUIICEHUX CNIBBIOHOWEHb OISl PO3PAXYHKY OIOYUX 3HAYEHb CMpPYMI6 y eKkpanax kabenie mpugaznux xabenvHux uiHill 8UCOKol
Hanpyeu, npoKNaoeHux 3a cXemamu «y NIOWUHI» ma «y MPUKYMHUKY», 3a0nsa 3abe3neyeHHs HeoOXiOHOi MOUHOCMI Y WUPOKOMY
dianazoui napamempie xabenvnoi ninii. Memoodonozia. [ocniodxcenns IpyHmyemvca HA pauiue po3pooOneniti asmopamu ma
EeKCnepUMEHMANbHO 6ePUGIKOBAHIT AHANIMUYHIL MOOeNi ma GiONOGIOHUX CRIGGIOHOWEHHSX OJISl PO3PAXYHKY CMPYMIG 8 eKpamax, ma
maznimnoeo noas mpughasnoi kabenvnoi ainii. OCKilbKuU 3a3Hay¥eHi CiG8IOHOWEHHsL Ol CIMPYMIG € 3aHAOMO 2POMIZOKUMU, TMOMY OJisL
SHAXOOHCEHHS. KOMNAKMHO20 CRI6GIOHOWEHHs UKopucmosyemuvcs  anpokcumayis. Pezynemamu. Pospobneno nose mnabnusicene
CRiBGIOHOWEHHS OJis PO3PAXYHKY CIPYMY 6 eKpAaHAaX KabelbHol JMIHII 3 po3mautysanHsm Kabenig «y niowutiy. Posbixcnicme midc
HAOMUICEHHSAM Ma 8epugikosanumu Gopmyramu cmanogums 00 5 %. Kpim moeo, 3anpononoeano Hogy @opmy ChnigeioHouleHHs 05
PO3DAXYHKY CIMPYMY 6 eKpaHax KabeabHol MMl 3 posmawysanHam kabenig «y mpukymuuxy. Hayxoea wnoeusna. /11 euxonawms
anpoxcumayii 3anponoHO8aAHO OPUSIHATLHULL NOKA3HUK SIKOCMI, SKUL 6U3HAYACMbCS 6eIUYUHAMU Menio8oi Ol cmpymie 6 eKpaHax
kabenis. Ilpakmuuna 3nauumicme. Po3pobnene nabnudicene cnigioHouleHHs OJil POPAXYHKY CHPYMY 8 eKpamax Mooice Gymu
6e3no0cepedHbo 3acmoco8ane npu NPOEKMYSAHHI MPUPAZHUX KAOeTIbHUX NIHIU BUCOKOL Hanpyeu, ananizi pexcumis ixnvboi pobomu ma
KOHMPOJi 6i0NOGIOHOCMI ICHYIOUUX KAbelbHUX MHIl ghakmuynum ymosam excniayamayii. bion. 20, Ta6n. 1, puc. 4.

Knrouoei cnosa: ekpaH, kadeslbHAa JIiHisA, OTHOKUWIBLHUI Kabe/ib, 3a3eMJIeHHS 3 000X KiHLiB, HOPMATUBHUI JOKYMEHT.

Introduction. The most advanced means of
electrical energy transmission in urban areas are

Single-point bonding is the simplest way. In this
case, the metal sheaths of cables are solidly bonded

underground high-voltage three-phase cable line. A typical
cable line consists of three single-core XLPE-insulated
power cables. The main structural elements of these
cables are an aluminum or copper conductor, XLPE
insulation, and a copper sheath (Fig. 1). The metal sheath
provides a uniform electric field in the insulation layer.

The Ukrainian industry uses the regulatory
document [1]. According to them, the metal sheaths of
cables require earthing. For this, sheaths are bonded and
earthed at one or several points. Typically, there are three
types of bonding: single-point bonding, cross-bonding,
and solid bonding. Other types of bonding are discussed
in [2], but they are not commonly used.

Fig. 1. Single-core XLPE-insulated power cable: 1 — aluminum
or copper conductor, 2 — XLPE insulation, 3 — copper sheath

together and earthed at only one point along an
elementary section of cable line. The single-point bonding
provides no circulating sheath currents and consequently
no heating in sheaths. But sheaths are earthed only once.
Thus, the cables have zero electric potential only at the
earthing point. And additional protective devices are
required for installation at each elementary section.

To implement the cross-bonding, the cable line
length is divided into three approximately equal sections,
and the metal sheaths in consecutive sections are cross-
connected. As a result, there are no longitudinal sheath
currents. However, this type of bonding is not widespread
because of its relative complexity and high cost.

Solid bonding of high-voltage power cables is the
most common one. All metal sheaths are electrically
bonded together and earthed at two points: at the beginning
and at the end of the cable line. Solid bonding ensures the
absence of impulse overvoltage and does not require
additional protective devices. Moreover, the cable metal
sheaths form closed loops with induced longitudinal
currents [3—6]. Thus, the magnetic field of induced currents
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decreases the total magnetic field of the cable line. This
effect contributes to the solution of magnetic ecology
problems [7—11]. But currents in the sheaths can disrupt the
thermal regime of the cable line and reduce its capacity.

The transmission capacity is determined by the
temperature of the cable conductor. This temperature can
be determined by numerical simulation of the cable line
thermal field [12—14] or by using the standard IEC 60287
[15]. IEC 60287 is applicable in most cases, and
numerical simulation has almost no constraints when a
specific case is under study. However, to simulate the
cable line thermal field, the RMS values of sheath
currents are required.

The analytical formulas for calculating sheath
currents provided in the regulatory document [1] are
compact. However, the analysis below demonstrates that
they have a narrow range of applicability, and calculations
based on them may lead to significant inaccuracies.

Solid bonding is studied in [16], and a compact
formula for sheath current is proposed. It is derived via
algebraic manipulation of the known formulas for metal
sheath losses in the standard IEC 60287 [15]. While
mathematically valid, it obscures the physical interpretation
and lacks experimental or numerical verification. In
contrast, this paper presents an alternative approach that
gives a novel verified approximation for a flat cable line.

The paper aims to develop novel formulas for the
RMS values of sheath currents in high-voltage three-phase
cable lines with flat and trefoil arrangements of power
cables, ensuring the accuracy required for engineering
calculations across a wide range of cable line parameters.

Verified formulas for sheath currents. The
reduction of cable line magnetic field in the case of solid
bonding is studied in [17]. As a result, the analytical model
of the cable line magnetic field and the corresponding
formulas for sheath currents are developed and
experimentally verified. The following natural assumptions
are used in [17]: the distribution of the induced current is
uniform within each metal sheath, and the sheath thickness
is much smaller than the cable radius. The discrepancy
between calculations carried out according to [17] and
experimental results from [18] is within 5 %.

Analytical formulas for the phasors of sheath
currents are represented in [17]. To obtain the formulas
for the RMS values of the sheath currents, we compute
the modulus of the current phasors and divide by /2.
Furthermore, the currents can be conveniently described
with only two dimensionless parameters of the cable line:

Ho® S
Q 27R° 4 d’ M
where w=27-50 rad/s is the angular frequency of current;
R is the DC resistance of a cable sheath unit length, (¥/m;
s is the distance between axes of adjacent cables, m; d is the
metal sheath diameter, m; y is the vacuum permeability.

Parameters Q and 4 vary within specific ranges
related to the high-voltage cable line. Namely, the
parameter A varies from 1 to 10, and Q varies from 0.1 to
0.5. The minimum of 4 occurs for closely laid cables, and
the junction zone of cables exhibits maxima of 4. The
parameter Q is inversely proportional to DC resistance R.
Table 1 shows the Q wvalues for typical high-voltage
power cables from [19].

Table 1
Parameter Q for a typical high-voltage
single-core XLPE-insulated power cables

Metal sheath Metal sheath
No. cross-section DC resistance 0
S, mm? R107, Q/m
1 35 0.524 0.12
2 50 0.387 0.16
3 70 0.268 0.23
4 95 0.193 0.33
5 120 0.153 0.41
6 150 0.124 0.51

We consider two types of arrangements of solidly
bonded high-voltage power cables. In the case of the
trefoil arrangement, the RMS values of sheath currents
are equal and have the following form:

212
In“24
Iy =1- Qz—z 2)
1+0%In%24

In case of the flat arrangement, when currents in
conductors form a positive sequence set, we get the
following formulas for the RMS values of sheath currents:
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where / is the RMS value of current in the conductors of
the cables.

If the flat cable line has negative-sequence current,
then the right sides of the first and the third formulas
in (3) are swapped.

Note that the difference between formulas (2), (3)
and their original forms from [17] is due to the difference
in the definition of the dimensionless parameter 4. Here
we use the metal sheath diameter in the denominator. At
the same time, the sheath radius is used as the
denominator in [17].

Thus, we get verified formulas (2) and (3) for sheath
currents within the accepted assumptions. Formula (2) is
sufficiently compact for a trefoil cable line. But we treat
formulas (3) as too cumbersome for a flat cable line.

Sheath current in trefoil cable line. The regulatory
document [1] provides the following formula for sheath
current in a trefoil cable line when its power cables are
solidly bonded:

s 20.0019 ’ @
‘ R2,+0.0019

where R is a DC resistance of the metal sheath per one
kilometer length at a temperature of 70 °C, Q/km.

We express (4) in terms of Q and obtain the
following formula for the sheath current:

4.75-0°

_hg (5)
72 +4.75-0?
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N
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To examine (4), (5) and to compare them with the
verified analytical formula (2), we use the original quality
index ¢ derived from the heat output of sheaths of power
cables. It shows the discrepancy in the total heat output of
sheaths when different formulas for sheath current are
used. As the sheath heat output = [Szh .R, then

3 . (Ireg)z (Il‘eg)z
=[1- 212 1-100% = [1-£21.100% ,  (6)
3'[sh Ish

where the numerator is calculated via (4) or (5), and the
denominator is calculated via (2).

The factor 3 in the numerator and denominator of (6)
indicates the number of cables.

Figure 2,a shows that the quality index & weakly
depends on parameter Q, and Fig. 2,b — significant
dependence on parameter 4. Particularly, ¢ rapidly rises
from 0 to 60 % with the growth of 4 from 1 to 1.5. So the
formula (4) has a narrow range of applicability when 4 is
close to 1. But in general, it is not appropriate for
engineering calculations. In contrast, the formula (2) is
accurate and compact for engineering calculations of
sheath current in a trefoil cable line.

Note that the value 4=1.1 from Fig. 2,a refers to the
cables laid in direct contact. The value 4=2.2 refers to the
cable spacing equal to one cable diameter. And according
to the regulatory document [20], the value A4=4.4
represents the maximum permissible cable spacing along
the cable route.

Sheath current in flat cable line. Here, we
calculate the sheath current in the flat cable line by
analogy with our calculations for the trefoil one.

The regulatory document [1] provides the following
formula for sheath current in a flat cable line when its
power cables are solidly bonded:

=1 075 —207 025 20 g)
: R2)+0.017 R2,+0.01

We express (7) in terms of O and get the following:
425.-0° 25-0°

I'75=1-10.75- —_
sh \/ 2 1425.0° 721250
Then we examine (7), (8) by evaluating the

discrepancy between the total heat output of the sheaths.
The quality index ¢ is as follows for the flat cable line:

2
reg
3'(Ish )
2 2 2
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where the sheath current is calculated via (8) in the
nominator and via (3) in the denominator.

Figure 3 shows the dependences of the quality index
¢ on the parameters 4 and Q. Figure 3,a shows that ¢ is
approximately 20 % and does not depend on QO when
A=2.2 only. In contrast, ¢ changes significantly with O at
other values of 4. Figure 3,b shows that the quality index
¢ rapidly falls from 100 % to 20 % as the parameter 4
increases from 1.5 to 2.2. The quality index ¢ takes
appropriate values in the range 0-20 % only when 4 lies
in the narrow range from 2.2 to 4. And ¢ is about zero
when 4 is about 2.8.
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Fig. 2. Quality analysis of the regulatory formula
for sheath current in the trefoil cable line
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Fig. 3. Quality analysis of the regulatory formula
for sheath current in the flat cable line

So the formula in regulatory document [1] has a
narrow range of applicability, and the engineering
calculations based on it may lead to significant inaccuracies
and incorrect decisions.

To develop an accurate approximation for sheath
current in a flat cable line, we use the following form
based on (2):

21.2
K 212
1+0% In*(2.52-4)
where F(Q, A) is a non-dimensional correcting

coefficient, and 2.52-4 is a geometrical mean value of
three pairwise distances between cables.

In definition (9), we substitute /_;¥ with (10) and

find the unknown function F(Q, 4) by minimizing the
quality index & under the constraints that O varies from
0.1 to 0.5 and 4 varies from 1 to 10. Thus, we obtain the
following novel approximation:
Japrox _ ;| 0?1n%(2.52-4)
sh 1+0%In2(2.52- 4)
14 0.05-0.3Q N 0.1+0.0750 .
A A
To find the discrepancy between the approximation
(11) and the verified formulas (3), we substitute /*

an

with (10) in the definition (9) and analyze the quality
index ¢ in Fig. 4. It shows that ¢ is less than 3 %. And it is
less than the 5 % error of analytical model used to find
formulas (2) and (3).

Thus, the proposed formulas (2) and (11) are directly
applicable to the design of high-voltage cable lines, the
analysis of operating modes, and the assessment of
compliance with actual operating conditions.
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Fig. 4. Quality analysis of the novel approximation

for sheath current in the flat cable line

Conclusions. This paper demonstrates that the
formulas for calculating the RMS wvalues of sheath
currents in high-voltage three-phase cable line, as
recommended by the regulatory documents of the
Ministry of Energy of Ukraine when sheaths are solidly
bonded, have narrow ranges of applicability. And the
engineering calculations based on them may lead to
significant inaccuracies and incorrect decisions.

A novel approximate formula for calculating the RMS
values of sheath current in the flat cable line is developed.
The approximation error is within 5 %. Additionally, the new
form of the formula for the trefoil cable line is proposed.
These formulas for calculating sheath currents cover the
entire range of parameters of high-voltage cable lines.

The developed formulas are recommended for use in
revising the regulatory documents of the Ministry of
Energy of Ukraine that govern the calculation of sheath
currents in cable lines with solidly bonded sheaths.
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