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INTERNATIONAL ELECTROTECHNICAL COMMISSION

ELECTRIC CABLES -
CALCULATION OF THE CURRENT RATING -

Part 1-1: Current rating equations (100 % load factor)

— and calcutatiomof tosses—Generat

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization compri
Il national electrotechnical committees (IEC National Committees). The object of IEC is to promote internati
o-operation on all questions concerning standardization in the electrical and electronicfields. To this end
ih addition to other activities, IEC publishes International Standards, Technical Specifications, Technical Rep
Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)”). T
preparation is entrusted to technical committees; any IEC National Committee interested in the subject dealt
fnay participate in this preparatory work. International, governmental and non-govetnmental organizations liai
vith the IEC also participate in this preparation. IEC collaborates closely withi"the’ International Organizatio
btandardization (1SO) in accordance with conditions determined by agreement between the two organizatior

The formal decisions or agreements of IEC on technical matters expressy.as nearly as possible, an internati
onsensus of opinion on the relevant subjects since each technical eommittee has representation fron
interested IEC National Committees.

[EC Publications have the form of recommendations for interhational use and are accepted by IEC Nati
Committees in that sense. While all reasonable efforts are/made to ensure that the technical content of
Publications is accurate, IEC cannot be held responsible ‘for the way in which they are used or for
misinterpretation by any end user.

IIn order to promote international uniformity, IEC National Committees undertake to apply IEC Publicaf
fransparently to the maximum extent possible in theipnational and regional publications. Any divergence betw

[EC itself does not provide any attestation oficonformity. Independent certification bodies provide confor
assessment services and, in some areas, (access to IEC marks of conformity. IEC is not responsible for
gervices carried out by independent certification bodies.

A\l users should ensure that they have'the latest edition of this publication.

No liability shall attach to IEC or"itfs directors, employees, servants or agents including individual experts
mmembers of its technical committees and IEC National Committees for any personal injury, property damag
ther damage of any naturewwhatsoever, whether direct or indirect, or for costs (including legal fees)
¢xpenses arising out of\ the publication, use of, or reliance upon, this IEC Publication or any other
Publications.

\ttention is drawn/tothe Normative references cited in this publication. Use of the referenced publicatior
indispensable for the’correct application of this publication.

A\ttention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of p3
fights. IEC~shall not be held responsible for identifying any or all such patent rights.

This ecommented version (CMV) of the official standard IEC 60287-1-1:2023 edition
allgwsthe user to identify the changes made to the previous IEC 60287-1-1:20
AMD1:2014 edition 2.1. Furthermore, comments from IEC TC 20 experts are provided to
explain the reasons of the most relevant changes, or to clarify any part of the content.
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A vertical bar appears in the margin wherever a change has been made. Additions are in
green text, deletions are in strikethrough red text. Experts' comments are identified by a
blue-background number. Mouse over a number to display a pop-up note with the
comment.

This publication contains the CMV and the official standard. The full list of comments is
available at the end of the CMV.
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IEC 60287-1-1 has been prepared by IEC technical committee 20: Electric cables. It is an
International Standard.

This third edition cancels and replaces the second edition published in 2006 and
Amendment 1:2014. This edition constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

a) thorough redefinition of symbols used across the IEC 60287 and IEC 60853 series to realign
dlluI unify Ulcfillitiullb, Uiilllilldic illbUlIDibibllbiUb cllluI iU iIleIUVU ClrUsS5=UsStc Uf tiIU Ullfo ent

parts of both IEC 60287 and IEC 60853 series; 1

b) lintroduction of corrective factors on relevant calculated physical characteristics t6 take [nto
account the effect of multicore lay-lengths; a dedicated annex to highlight correetion facfors
for different number of cores has been introduced (Annex A).

The text of this International Standard is based on the following documents!

Draft Report on voting

20/2096/FDIS 20/2103/RVD

Full information on the voting for its approval can be found-inthe report on voting indicated in
the|above table.

Thg language used for the development of this Intesnational Standard is English.

Thig document was drafted in accordance with~ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, availgble
at fvww.iec.ch/members_experts/refdocs.*Fhe main document types developed by IEC |are
dedcribed in greater detail at www.iec.clifpublications.

A list of all parts in the IEC 60287)series, published under the general title Electric cablds —
Calculation of the current rating,_can be found on the IEC website.

Thg committee has decided-that the contents of this document will remain unchanged until|the
stability date indicated‘Yon the IEC website under webstore.iec.ch in the data related to |the
specific document. Atthis date, the document will be
e Jreconfirmed,

o |withdrawny

e [replaced by a revised edition, or

e [aménded.

IMPORTANT - The "colour inside" logo on the cover page of this document indicates that it
contains colours which are considered to be useful for the correct understanding of its
contents. Users should therefore print this document using a colour printer.
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To avoid the use of same symbol with different meanings or different symbols with the same meaning across IEC 60287 standard series, some symbols have been changed. One of the main new criteria is the use of capital letter “C” for all coefficients.
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INTRODUCTION

This part of IEC 60287 contains formulae for the quantities-R R, Wy, A4 and 4,.

It contains methods for calculating the permissible current rating of cables from details of
permissible temperature rise, conductor resistance, losses and thermal resistivities.

Formulae for the calculation of losses are also given.

in practice, for example, thermal resistivities and permittivities of materials. lp_this latter

dedlared in addition, provided that the different values are quoted.

Quantities related to the operating conditions of cables are liabte to vary considerably from
country to another. For instance, with respect to the ambient”temperature and soil ther
res|stivity, the values are governed in various countries by.different considerations. Superfi
comparisons between the values used in the various countries—may can lead to errone
conclusions if they are not based on common criteria: for example, there-may can be diffe
expectations for the life of the cables, and in somevcountries design is based on maxin
vallies of soil thermal resistivity, whereas in others average values are used. Particularly, in
case of soil thermal resistivity, it is well known that this quantity is very sensitive to soil moist
content and-may can vary significantly with time, depending on the soil type, the topograph
and meteorological conditions, and the cable loading.

Thg following procedure for choosing the values for the various parameters should, theref
be ddopted.

Nurmerical values should preferably be based on results of suitable measurements. Often s
resplts are already included in national specifications as recommended values, so that

the
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cal¢ulation-may can bé.based on these values generally used in the country in question; a

suryey of such valuesyis given in IEC 60287-3-1.

A spjggested list.of the information required to select the appropriate type of cable is give
IEQ 60287-34.

h in
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ELECTRIC CABLES -
CALCULATION OF THE CURRENT RATING -

Part 1-1: Current rating equations (100 % load factor)
and calculation of losses — General

1—[Ceneral

Thi

Scope

5 part of IEC 60287 is applicable to the conditions of steady-state operation of cables a

altgrnating voltages, and direct voltages up to 5 kV, buried directly in thexground, in du

trod

in gir. The term "steady state" is intended to mean a continuous congfant current (100 % |
factor) just sufficient to produce asymptotically the maximum conductor temperature,

sur
Thi

The
imp

rounding ambient conditions being assumed constant.
5 document provides formulae for current ratings and lossés.

formulae given are essentially literal and designédly leave open the selection of cer
ortant parameters. These-may can be divided into three groups:

parameters related to construction of a cable\(for example, thermal resistivity of insula
material) for which representative values have been selected based on published work;

parameters related to the surrounding:Conditions, which-may can vary widely, the selec
of which depends on the country in which the cables are used or-are-te will be used;

involve a margin for security of service (for example, maximum conductor temperature)

all
cts,

ghs or in steel pipes, both with and without partial drying-out of the soil, as well as cables

bad
the

[ain

ing

ion

parameters which result from an“agreement between manufacturer and user and which

2 |Normative references

Thg following documents-are referred to in the text in such a way that some or all of their confent
constitutes requirements of this document. For dated references, only the edition cited appljes.
Forl undated references, the latest edition of the referenced document (including pny
amendments) applies.
IEQ-60027-3,Letter-symbolsto-be-used-in—electrical-technology—Part-3:Logarithmic—and

IEC 60228, Conductors of insulated cables

IEC 60287-1-3, Electric cables — Calculation of the current rating — Part 1-3: Current rating
equations (100 % load factor) and calculation of losses — Current sharing between parallel
single-core cables and calculation of circulating current losses

IEC 60287-2-1:2023, Electric cables — Calculation of the current rating — Part 2-1: Thermal
resistance — Calculation of the thermal resistance
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3.1

No

1ISQ
add

Terms, definitions and symbols

Terms and definitions

terms and definitions are listed in this document.

and IEC maintain terminology databases for use in standardization at the follow

resses:

IEC Electropedia: available at https://www.electropedia.org/

ISO Online browsing platform: available at https://www.isp{osg/obp

3.2 Symbols
Thg symbols used in this document and the quantities which they represent are given in
follpwing list.
A4 a cross-sectional area of the armour mm?2
B4 B, coefficients (see 5.4.3) Q/m
C capacitance per core F/m
CH coefficient defined in5.3.6
Ce coefficient to take into account the position of the neutral
axis of the helically wound core in Annex A
Cqs coefficient:ysed in 5.3.7.1
CL length _correction factor for considering laying up of cores
Chbi1 coéffjeient defined in 5.3.6
CN coefficient defined in 5.3.6
Cr coefficient defined in 5.3.4 Q/m
Cy coefficient used in 5.3.7.2
Cq coefficient defined in 5.3.4 Q/m
Cq coefficient used in 5.3.7.2
D¢ external diameter of cable m
D; diameter over insulation mm
Dp* diameter over the individual core of a multicore cable m
Dg external diameter of metal sheath mm
Doc diameter of the imaginary coaxial cylinder which just touches mm
the crests of a corrugated sheath
Dj; diameter of the imaginary cylinder which just touches the mm

inside surface of the troughs of a corrugated sheath

ng

the
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E coolsien s atnes 2

HE, intensity of solar radiation W/m?2

H magnetizing force (see 5.4.3) A/m

Hg inductance of sheath H/m

Hy, Hy, Hj components of inductance due to the steel wires (see 5.4.3) H/m

1 current in one conductor (RMS value) A

Ig current in sheath (RMS value)

A axiar cable length over which the cores make one full hercal
turn

Mi-N coefficients-defined-in-2.3.5

P coefficients defined-in-2.3:3 o/

REc alternating current resistance of conductor at its maximum_ < Q/m
operating temperature per unit length of the cable

RA AC resistance of armour at its maximum operating Q/m
temperature per unit length of the cable

R4, AC resistance of armour at 20 °C per unit length‘ef the cable Q/m

o equivalent AC resistance of sheath and araiour in parallel Q/m
s AC resistance of cable sheath or screen at their maximum Q/m

operating temperature per unit length*of the cable

R4, AC resistance of cable sheath.oriscreen at 20 °C per unit Q/m
length of the cable

R' DC resistance of conddctor at maximum operating Q/m
temperature per unit lengih of the cable

R, DC resistance of conductor at 20 °C per unit length of the Q/m
cable

Ty thermal resistarice per core between conductor and sheath K - m/W
per unit lengthcof the cable

Ty thermal resistance between sheath and armour per unit K- m/W
length,of.the cable

T4 thermal resistance of external serving per unit length of the K - m/W
cdable

T, thermal resistance of surrounding medium (ratio of cable K- m/W
surface temperature rise above ambient to the losses per
unit length)

73 1%, external thermal resistance in free air, adjusted for solar K- m/W
radiation

1 thermal resistance between cable and duct (or pipe) K- m/W

T thermal resistance of the duct (or pipe) K- m/W

Iy thermal resistance of the medium surrounding the duct (or K- m/W
pipe)

U, voltage between conductor and screen or sheath \

Wa losses in armour per unit length of the cable Wim

W, losses in conductor per unit length of the cable W/m

Wy dielectric losses per unit length of the cable per phase W/m
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/8 losses dissipated in sheath per unit length of the cable W/m
Wis+n) total losses in sheath and armour per unit length of the cable W/m
X reactance of sheath (two-core cables and three-core cables Q/m
in trefoil) per unit length of the cable
X, reactance of sheath (cables in flat formation) Q/m
X mutual reactance between the sheath of one cable and the Q/m
conductors of the other two when cables are in flat
information
a shortest minor length in a cross-bonded electrical section m
having unequal minor lengths
c distance between the axes of conductors and the axis of the mm
cable for three-core cables(=0;55-+r1+ 0,29t forsector-
chrindeondicion
d mean diameter of sheath or screen mm
d' mean diameter of sheath and reinforcement mm
dy mean diameter of reinforcement mm
dp| mean diameter of armour mm
dg external diameter of conductor mm
d'; external diameter of equivalent round solid conductor having mm
the same central duct as a hollow conductor
dy internal diameter of pipe mm
ds diameter of a steel wire mm
d; internal diameter of hollow conductor mm
dp major diameter of screen or sheath of an oval conductor mm
d minor diameter of screen or sheath of an oval conductor mm
. diameter of '@n equivalent circular conductor having the mm
same cross~sectional area and degree of compactness as
the shaped/one
f systemfrequency Hz
95| coefficientused-in2-3-6-
kk factor used in the calculation of hysteresis losses in armour
or reinforcement (see 5.4.3.4)
ky factor used in calculating Xp (proximity effect)
kg factor used in calculating x4 (skin effect)
I length of a cable section (general symbol, see 5.3.5) m
In natural logarithm (logarithm to base e, see IEC 60027-3)
" 2L 197
R, 10
parameter used in calculation of eddy-current loss factor 10-7 m/Q
n number of conductors in a cable
nq number of steel wires in a cable (see 5.4.3)
P length of lay of a steel wire along a cable (see 5.4.3)
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1 circumscribing radius of two- or three-sector shaped mm
conductors

s axial separation of conductors mm

54 axial separation of two adjacent cables in a horizontal group mm
of three, not touching

So codelesoo oo ot oo e Lo D e
axial spacing between adjacent cables in trefoil formation; mm
for cables in flat formation s, is the geometric mean of the
three spacings

ty insulation thickness between conductors mm

t3 thickness of the serving mm

tg thickness of the sheath mm

v ratio of the thermal resistivities of dry and moist soils
(v = pglpw)

Xp argument of a Bessel function used to calculate proximity
effect

Xg argument of a Bessel function used to calculateskin effect

Yo proximity effect factor (see 5.1)

Vs skin effect factor (see 5.1)

ash temperature coefficient of electrical pesistivity at 20 °C, per /K
kelvin

B coefficient used in 5.3.7.1

Bo angle between axis of armeur wires and axis of cable (see
5.4.3)

y angular time delay (see 5.4.3)

Ayl Ay coefficients used.in 5.3.7.1

op equivalent thickness of armour or reinforcement mm

tano loss factor-of insulation

e relative’ permittivity of insulation

0 gepmittivity of vacuum F/m

0 maximum operating temperature of conductor °C

0, ambient temperature °C

0, maximum operating temperature of armour °C

HSC IIIGI\;IIIUIII UPUIG{;IIB tUIII'JUIGtuIU Uf uab:c QUITCTITT Ul ehcath OC

0y critical temperature of soil; this is the temperature of the °C
boundary between dry and moist zones

AG permissible temperature rise of conductor above ambient K
temperature

Ab, critical temperature rise of soil; this is the temperature rise K
of the boundary between dry and moist zones above the
ambient temperature of the soil

A9 coefficient used in 5.3.7.1

Aqs Ao ratio of the total losses in metallic sheaths and armour

respectively to the total conductor losses (or losses in one
sheath or armour to the losses in one conductor)
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P ratio of the losses in one sheath caused by circulating
currents in the sheath to the losses in one conductor
M ratio of the losses in one sheath caused by eddy currents to
the losses in one conductor
Mm loss factor for the middle cable of three cables in flat
formation without transposition, with sheaths bonded at both
ends
by loss factor for the outer cable with the greater losses of three
! cables in flat formation without transposition, with sheaths
bonded-at-bothends
Jib loss factor for the outer cable with the least losses of three
i cables in flat formation without transposition, with sheaths
bonded at both ends
u relative magnetic permeability of armour material
U longitudinal relative permeability
Ui transverse relative permeability
Pob conductor resistivity at 20 °C Q-m
P4 thermal resistivity of dry soil K- m/W
P thermal resistivity of moist soil K- m/W
Ps sheath resistivity at 20 °C Q-m
o absorption coefficient of solar radjation for the cable surface
1) angular frequency of system (2xf)
4 |Permissible current rating of cables
4.1 General
When the permissible current rating' is being calculated under conditions of partial drying oyt of
thelsoil, it is also necessary to,calculate a rating for conditions where drying out of the soil dpes
not|occur. The lower of thetwo ratings shall be used.
4.2| Buried cables where drying out of the soil does not occur or cables in air
4.211 AC cables
Theg permissible' current rating of an AC cable can be derived from the expression for |the
temperature rise above ambient temperature:
AO= PR+ W) Ty + [PR-(F+Jq)+ Waln To + PR+ 5+ )+ Wol n(Ta+Ty)
AG = (I?Rg +%Wd)T1 +n[I2Ra(1+ 24) + Wy1Ty + nlI?Re (1+ 24 + )+ Wyl(T3 +Ty) (1)
where
I  is the current flowing in one conductor (A);
A0 is the conductor temperature rise above the ambient temperature (K);

NOTE The ambient temperature is the temperature of the surrounding medium under normal conditions, at a
situation in which cables are installed, or will be installed, including the effect of any local source of heat, but
not the increase of temperature in the immediate neighbourhood of the cables due to heat arising therefrom.
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RRis the alternating current resistance per unit length of the-eenducter cable at maximum

operating temperature (Q/m);

W4 is the dielectric loss per unit length of the cable for the insulation surrounding the conductor

(W/m);
T, is the thermal resistance per unit length of the cable between one conductor and the sheath

(K - m/W);
T, is the thermal resistance per unit length of the cable of the bedding between sheath and

armour (K - m/W);
T3 [1S the thermal resistance per unit lengih of the cable of the external serving of the cgble

(K - m/W);
T, | is the thermal resistance per unit length between the cable surface and the surrounding

medium, as derived from I[EC 60287-2-1 (K - m/W);
n |is the number of load-carrying conductors in the cable (conductors of |equal size pnd

carrying the same load);
441 | is the ratio of losses in the metal sheath to total losses in all conductors in that cable;
1o | is the ratio of losses in the armouring to total losses in all condugtors in that cable.
Thg permissible current rating is obtained from Formula (1) as/follows:

10,5
, AO =Wy [0,5 T +n (T, + T+ Ty)]
"L R +0R (1+ ) To + nR (kg + Ay) (T3 + Ta)
0,5
_ AG-Wd[0,5T1+n(T2+T3+T4)] 2)
| RTy +nRe (1+7q) B nRe (14 34 + ) (T3 +Ty)
Where the cable is exposed to direct solar radiation, the formulae given in IEC 60287-2-1:2(23,
4.2]|1.2 shall be used.
Theg current rating for a four-core low-voltage cable may be taken to be equal to the curfent
rating of a three-corelcable for the same voltage and conductor size having the sgme
construction, provided that the cable is used in a three-phase system where the folirth
conductor is eithera’neutral conductor or a protective conductor. When it is a neutral condugtor,
the|current rating'applies to a balanced load.
4.2)2 DC cables up to 5 kV
Thg permissible current rating of a DC cable is obtained from the following simplification of|the
AC Formuta (2)
0,5
I AO
R'Ti+nR'T, +nR' (T3 + 1)

where
R' is the direct current resistance per unit length of the-eenrductor cable at maximum operating

temperature (Q/m).

Where the cable is exposed to direct solar radiation, the formulae given in IEC 60287-2-1:2023,
4.2.1.2 shall be used.
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4.3 Buried cables where partial drying-out of the soil occurs
4.3.1 AC cables

The following method shall be applied to a single isolated cable or circuit only, laid at
conventional depths. The method is based on a simple two-zone approximate physical model
of the soil where the zone adjacent to the cable is dried out whilst the other zone retains the
site's thermal resistivity, the zone boundary being on isotherm®. This method is considered to
be appropriate for those applications in which soil behaviour is considered in simple terms only.

NOTE 1 __Installations of more than one circuit as well as the necessary spacing between circuits are under
congideration.

Changes in external thermal resistance, consequent to the formation of a dry zone-atound a
single isolated cable or circuit, shall be obtained from the following Formula (3), compared with
Formula (2):

_ -1 0,5
A0 — Wy [0,5 Ty +n (To + T + vTy)]+ (v — 1) AO,

R[Ti+n (1+ 1) To +n (1411 + A2) (T3 + vTy)]

L[ 80-Wa[05 Ty 4 (T + 5 +vTy) + (=180, ] \J
| RolTy +n(1+ ) Ty +n(1+ g + Jp) (T3 + VI

where
v | is the ratio of the thermal resistivities of the:dry and moist soil zones (v=pq4/py);

RR{ is the AC resistance of the conductor at its maximum operating temperature per unit lerjgth
of the cable (Q/m);

pq | is the thermal resistivity of the dry-soil (K - m/W);
pw | is the thermal resistivity of the-moist soil (K - m/W);

is the critical temperature-of the soil and temperature of the boundary between dry and
moist zones (°C);
fa | is the ambient temperature (°C);

is the critical temperature rise of the soil. This is the temperature rise of the boundary
between thewdry’and moist zones above the ambient temperature of the soil (4, — 8,) (K);

NoJE-T, .is) calculated using the thermal resistivity of the moist soil (p,) uging

IEC 60287-2-1:2023, 4.2.3.3. Mutual heating by modification of the temperature rise a$ in
IEQ 60287-2-1:2023, 4.2.3.2 cannot be applied.

0y and pq shall be determined from a knowledge of the soil conditions.

NOTE 2 The choice of suitable soil parameters is under consideration. In the meantime, values-may can be agreed
between the manufacturer and purchaser.

4.3.2 DC cables up to 5 kV

The permissible current rating of a DC cable is obtained from the following simplification of the
AC Formula (3):

1 "Current ratings of cables buried in partially dried-out soil, Part 1": Electra No. 104, p. 11, January 1966

(in particular section 3 and Appendix 1).
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0,5
AG +(v—1) AO,

I:
R' [Ty +nTy +n (T3 + vIy)]

where

Rl

is the direct current resistance per unit length of the-conductor cable at maximum opera
temperature (Q/m).

ting

When considering cable installations in pipes or ducts, the thermal resistance of the surrounding

me
me
T4’_”,
soil
4.4
4.4

Wh

jium T, is composed by three additive contributions of thermal resistances, i. e. that of
jium inside the pipe, the pipe itself and the ambient medium around the pipe T;NIy

see |IEC 60287-2-1. In that case only the contribution 7' is affected by drying out of
and in the above two formulae the term vT, shall be replaced by the term TA+74 +vIy

Buried cables where drying-out of the soil shall be avoided
1 AC cables

bre it is desired that moisture migration be avoided by limitingythe temperature rise of

cable surface to not more than Ad,, the corresponding rating,shall be obtained from:

Ho
exc

r -10,5
, AHY — anT4

NRT,(1+ A4 449

0,5
_ AHX —i’IWdT4
l’chT4 (1+/11 +/12)

eeds the maximum permissible value. The current rating used shall be the lower of the

vallies obtained, either from"the above Equation (4) or from Equation (1).

The

whi
tem

NOT

4.4

conductor resistance-R R shall be calculated for the appropriate conductor temperat

ch—may cantbe’less than the maximum permitted value. An estimate of the opera
perature shall be made and, if necessary, subsequently amended.

E Forfour-core low-voltage cables, see the final paragraph in 4.2.1.

2 DC cables up to 5 kV

vever, depending on the value of Ag, this-may can result in a conductor temperature wh

the
hnd
the

the

4)

ch
two

ire,
ng

The permissible current rating of a DC cable shall be obtained from the following simplification
of the AC Formula (4):

05
;|26
I’lR' T4

The conductor resistance R' shall be modified as in 4.3.2.

4.5

Cables directly exposed to solar radiation

Doeroiccin] )
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4.5.1 General

Taking into account the effect of solar radiation on a cable, the permissible current rating is
given by Formulae (5) and (6):

4.5.2 AC cables

r * * * ] 015
_[a0-wy o5 Ti+n (Ty+Ta+T)|-0 D3 H T,
RTy+nR (1+X) Ty + nR (1+ X + L) (T3 + Ty)
4 . 4 105
8O -Wg |05 Ty+n(Ty + T3+ Tf) | -0 Dy B Tf |
1= 5
ReTy+nRg (14 44) Tp +nRe (144 +Jp) (T3 + T4 )
DC|cables up to 5 Kv
- . . 105
, AO—-c Dy HTy
R Ty +nR Ty + nR' (T3 + Ty)
. 4 0,5
I A0 —c Dy Eo T 6)
R'Ty+nR' T, + nR' (T9+TF)
where
o is the absorption coefficient of solar radiation for the cable surface (see Table 4);
HE{ is the intensity of solar radiation which should be taken as 1000 W/m? for most latitudes;
it is recommended thatihe local value-should be obtained where possible;
Tr Tﬁ is the external thermal resistance of the cable in free air, adjusted to take account of
solar radiationAsee IEC 60287-2-1) (K - m/W);
Dgl| is the externaldiameter of the cable (m) for corrugated sheaths
Dg = (Dgg+ 2t3) - 1073 (m);
t3 is the.thickness of the serving (mm).
5 LCalculation of losses

5.1 AC resistance of conductor
5.1.1 General

The AC resistance per unit length of the-conductor cable at its maximum operating temperature
is given by the following Formula (7), except in the case of pipe-type cables (see 5.1.6):

R=R{+ys+¥s)
Rc =R'(1 +ys+yp) (7)
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where

RRis the alternating current resistance of the conductor at maximum operating temperature
per unit length of the cable (Q/m); |2

R' is the DC resistance of the conductor at maximum operating temperature per unit length of
the cable (Q/m);

vs is the skin effect factor;

yp Is the proximity effect factor.

5.1 2—DC resistance-ofconductor

Thg DC resistance per unit length of the-conduetor cable at its maximum operating temperafure
0 is|given by:

R/= Ry 1+ e00{6—20)]

R'=Ry[1 +app(0— 20K)]

where

R, | is the DC resistance of the conductor at 20 °C per unit length-of the cable (Q/m);

The value of R, shall be derived directly from IEC 60228. Where the conductor size is
outside the range covered by IEC 60228, the value of-R,-may can be chosen by agreement

between the manufacturer and purchaser. The\(conductor resistance should then| be
calculated using the values of resistivity given nJable 1 and considering the length of|the
conductor in the finished cable, see also Annex A.

ayo| is the constant mass temperature coefficient at 20 °C per kelvin (see Table 1 for standard
values);
6 |is the maximum operating temperature in degrees Celsius (this will be determined by|the
type of insulation to be used); seeappropriate IEC specification or national standard.

5.1]13  Skin effect factor y,

The skin effect factor y is @iyen by the following equations:

x5

Forl0 <x <28 [ | —
® ® 192+0,8x%

For2,8(xxs < 3,8 vs =-0,136-0,0177x +O,0563xs2
For xg > 3,8 Vs =0,354x5 - 0,733
where

2= 407

f is the supply frequency in Hz.

Values for kg are given in Table 2.

In the absence of alternative formulae, it is recommended that the formulae in 5.1.3-should be
used also for sector and oval-shaped conductors.



The reference “per unit length of cable” is now explicitly aligned to its use in IEC 60228.
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4 Proximity effect factor Ve for two-core cables and for two single-core cables

The proximity effect factor is given by:

4 2
x d
e b (] g
192+08x, \ 8
where
a2l onf 7, .
xp = 710 kp ’
d; |is the diameter of the conductor (mm);

The
the

5.1

5.1

The

is the distance between conductor axes (mm).

Les for k, are given in Table 2.

formulae in 5.1.4 are accurate providing Xp does not exceed 2,8/and therefore applie
majority of practical cases.

5 Proximity effect factor y, for three-core cables andfor three single-core cabl

5.1 Circular conductor cables

proximity effect factor is given by:

4 2 2
X
Yo =—p4(d—cj 0,312[d—°J + 41’18
192+0,8 Xp S. s Xp

——+027
192+0,8 x

where

2L 07 g

d; | is the diameter-of the conductor (mm);

NOT|

is the distance between conductor axes (mm).

lE_Forcables in flat formation, s is the spacing between adjacent phases. Where the spag

bet

. . . . NAYR
een adjacent phases is not equal, the distance will be taken as s = 1772

Values for kp are given in Table 2.

es

ng

The formulae in 5.1.5.1 are accurate provided Xp does not exceed 2,8, and therefore applies to

the

5.1.

majority of practical cases.

5.2 Shaped conductor cables

In the case of multicore cables with shaped conductors, the value of Vp shall be two-thirds of

the

value calculated according to 5.1.5.1,

with:
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d, = d, = diameter of an equivalent circular conductor of the same cross-sectional area, and
degree of compaction (mm);

s = (dy + tg) (mm),

Cc

where

to is the thickness of insulation between conductors (mm).

Values for ko are given in Table 2.

fes—tothe

Th slarlatiaon— PN et Brauadad A + a2 0 ad—thar
| carcuratolT IS acluratc— pTrovIiaTu ./\/p O S—Tot—EeXtett 50U, alld aicTo

majority of practical cases.

5.1|6 Skin and proximity effects in pipe-type cables

For| pipe-type cables, the skin and proximity effects calculated according)te 5.1.3, 5{1.4
and 5.1.5 shall be increased by a factor of 1,5. For these cables,

R=RA4-Blyr—y it ()

Rg = R’[1+1,5(ys +yp)} (Qifn)

5.2| Dielectric losses (applicable to AC cables only)

Theg dielectric loss is voltage dependent and thustonly becomes important at voltage leyels

reldted to the insulation material being used.-%able-3—gives,for-the-insulation—material$—in
cofrmon-use—the—value-of-Ug-at-which-the-diclectric-loss-should-be-taken-inte—aceount-wHere

Thg dielectric loss should be taken into account for values of Uy equal to or higher than |the
follpwing:

38 kV for cable§ with solid-type impregnated paper insulation;
63,5 kV for Qilfilled and gas-pressure cables;
18 kV fafRbutyl rubber insulated cables;
63,5 kV for EPR insulated cables;
6 kV for PVC insulated cables;
127 k¥- for PE (HD and LD) insulated cables;
127 kV for XLPE (unfilled) insulated cables;
03,9 KV for XtPE(fitted) msutated—Tabtes.

It is not necessary to calculate the dielectric loss for unscreened multicore or DC cables.

The dielectric loss per unit length of cable in each phase is given by:

Wy =wCUZtans (W/m)

where

w = 2xnf;

C is the capacitance per unit length of a cable (F/m);
Uy is the voltage to earth (V).



https://iecnorm.com/api/?name=6b67319dd1642a382af7f4dd727c99ef

- 20 - IEC 60287-1-1:2023 CMV © IEC 2023

Values of tan ¢, the loss factor of the insulation at power frequency and operating temperature,

are

given in Table 3.

D
Ao |

The

capacitance for cylindrical screens around circular conductors is given by:

2nege

2)

C= CLL (F/m) 3

where

The
maj

Val

5.3
5.3

The
(4

is the permittivity of the vacuum =~ 8,854-107"2 R/m:

is the relative permittivity of the insulation;

is the external diameter of the insulation (éxcluding screen) (mm);
is the diameter of the conductor, includihng screen, if any (mm).

is the length correction factor for gensidering laying up cores. The calculation is give
Annex A.

same formula can be used fof oval conductors if the geometric mean of the appropr
or and minor diameters is_substituted for D; and d_.

lies of ¢ are given imTable 3.

Loss factor for sheath and screen (applicable to power frequency AC cables on
1 Genékal

power-loss in the sheath or screen (1) consists of losses caused by circulating curre
and-eddy currents (),

ate

ly)

nts

thus:

=5+

The formulae given in this Subclause 5.3 express the loss in terms of the total power loss in
the conductor(s) and for each particular case it is indicated which type of loss-has-te shall be
considered. The formulae for single-core cables apply to single circuits only and the effects of
earth return paths are neglected. Methods are given for both smooth-sided and corrugated
sheaths.


Introducing the length correction factor for considering the laying up at multicore cables.

https://iecnorm.com/api/?name=6b67319dd1642a382af7f4dd727c99ef

IEC 60287-1-1:2023 CMV © IEC 2023 -21 -

For single-core cables with sheaths bonded at both ends of an electrical section, only the loss
due to circulating currents in the sheaths-need shall be considered (see 5.3.2, 5.3.3 and 5.3.4).
An electrical section is defined as a portion of the route between points at which the sheaths or
screens of all cables are solidly bonded.

To consider the effect of different spacing of certain spans along the route, see 5.3.5

For] cables with Milliken conductors, the loss factor should be increased to take account of|the
los$ due to eddy currents in the sheaths (see 5.3.6).

Forla cross-bonded installation, it is considered unrealistic to assume that minor'sections [are
elegtrically identical and that the loss due to circulating currents in the sheaths, is negligiple.
Re¢ommendations are made in 5.3.7 for augmenting the losses in the sheathsito take accqunt
of this electrical unbalance.

Theg electrical resistivities and temperature coefficients of lead and) aluminium, for use in
calgulating the resistance of the sheath R are given in Table 1.

Thg formulae given in this Subclause 5.3 use the resistance of the sheath or screen af its
maximum operating temperature. The maximum operatingitemperature of the sheath or scrgen
is dgiven by:

B O—PRrOWIF-(°C)

Osc =0~ (1%Re +0.504)T; (°C)

where

Osc| is the maximum operating, temperature of the cable screen or sheath (°C).

Begause the temperature ofjthe sheath or screen is a function of the current, 7, an iterative
method is used for the calculation.

The resistance of the“sheath or screen at its maximum operating temperature is given by:

Re—Rer o264} (1/m)

Ry = Rgo[1+ a9 (65 —20K) | (Q/m)

where

Ry, is the resistance of the cable sheath or screen at 20 °C per unit length of the cable (Q/m).

5.3.2 Two single-core cables, and three single-core cables (in trefoil formation),
sheaths bonded at both ends of an electrical section

For two single-core cables, and three single-core cables (in trefoil formation) with sheaths
bonded at both ends, the loss factor is given by:
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'_Rs 1
MR 2
1 s
%)
. R 1
M=

wheére

Rq is the resistance of the sheath or screen per unit length of cable at its maximum _operaging
temperature (Q/m);

X is the reactance per unit length of sheath or screen per unit length of caple,
2 & 1077 In (%) (Q/m;

w is 2 n x frequency (1/s);
s is the distance between conductor axes in the electrical section-being considered (mm);
d is the mean diameter of the sheath (mm);

for oval-shaped cores, d is given by / dy; -4, wheredy; and d,,, are the major and m|nor
mean diameters respectively of the sheath or scfeen;

for corrugated sheaths, d is given by 72 (Dy¢ % 'Dyy).

2
|

= 0, i.e. eddy-current loss is ignored, except for cables having Milliken conductors when
A is calculated by the method given in 5:3.6.

5.3|13 Three single-core cables in flat formation, with regular transposition,
sheaths bonded at both ends of an electrical section

For|three single-core cables in flat formation, with the middle cable equidistant from the otiter
cablles, regular transposition of.th€ cables and the sheaths bonded at every third transpositfon,
thelloss factor is given by:

r_ Rs 1
MR
1+L—SJ

X1

. R,
M:i 2
1+(RS}

X,

where

X1 is the reactance per unit length of sheath, 2w1 0’ ln{2§/§(§j} (Q/m);

M = 0, i.e. eddy-current loss is ignored, except for cables having Milliken conductors when
/{ is calculated by the method given in 5.3.6.

5.3.4 Three single-core cables in flat formation, without transposition,
sheaths bonded at both ends of an electrical section

For three single-core cables in flat formation, with the middle cable equidistant from the outer
cables, without transposition and with the sheaths bonded at both ends of an electrical section,
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the loss factor for the cable which has the greatest loss (i.e. the outer cable carrying the lagging
phase) is given by:

.,  Rs|075P2 0,25Q2 2R, PQ X,
" R[RE+P? RZ+Q% |[3(RZ+P?) (RZ+Q?)

. Rg|0,75C3 0,25C3 2Ry Cp Cq X
}M—R_ 2. 2 2 2 2 2\ (p2 ., 2 (8)
ClRE+Cp RS +CQ J3(RZ + CG3) (R? +C3) |

For|the other outer cable, the loss factor is given by:

, | 075P2  025Q2 2R, PQ X,
2 R|R2+P2 RZ24+Q%2 J3(RZ+P2)(RZ+Q%)

i, =B 0,75C8 0,25C3 2Ry Cp Cq Xm 0
2= -
Re | RZ +C3 R32+Cé \/?(R32+C§)(R52+Cé)

Forl{the middle cable, the loss factor is given by:

b o s RS Q2
MR R2 +Q?

2
C
s _ -Q (10)

PN
™ Re RZ+C§

In these Formulae (8)+(9) and (10):

X
CA =X- —m
Q 3
where
X is the reactance of the sheath or screen per unit length of cable for two adjacent single-
core cables, 2 ® 10~7 In [%)(Q/m);
X is the mutual reactance per unit length of cable between the sheath of an outer cable and

the conductors of the other two, when the cables are in flat formation,

2 w1077 In (2) (Q/m);
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M = 0, i.e. eddy-current loss is ignored, except for cables having Milliken conductors when
/{ is calculated by the method given in 5.3.6.

Ratings for cables in air should be based on the loss for the outer cable carrying the lagging
phase.

5.3.5 Variation of spacing of single-core cables between sheath bonding points

For single-core cable circuits with sheaths solidly bonded at both ends and possibly at
intermediate points, the circulating currents and the consequent loss increase as the spacing
incfeases, and It Is advisable t0 USE as CIoSe a spacing as possible. The oplimum spacing is
achiieved by considering both losses and mutual heating between cables.

It i$ not always possible to install cables with one value of spacing all along_a-route. The
follpwing recommendations relate to the calculation of sheath circulating currentlosses whan it
is not possible to install cables with a constant value of spacing over the length |of one electrjical
sedtion. A section is defined as a portion of the route between points at whi¢ch sheaths of all
cablles are solidly bonded. The recommendations below give values for loss factors which apply
to the whole of a section, but it should be noted that the appropriate values of condugtor
res|stance and external thermal resistance-must shall be calculated’on’the basis of the clogest
cablle spacing at any place along the section.

a) [Where spacing along a section is not constant but the vatious values are known, the v3alue
for X in 5.3.2, 5.3.3 and 5.3.4 shall be derived from:

= Iy Xg+1lp Xp .0+ 1, X,

Iy +dp .. + |y

Iy Xpd Iy Xp+..+ 1 Xy

X * * *
I+ 1 +..+1,

where
) I;,I;...Ir*] are lengths with different spacings along an electrical section;

X, Xp...X, are the reactances per unit length of cable, the relevant formulae being giyen
in 5:3:2, 5.3.3 and 5.3.4 where appropriate values of spacings s,,s,...s, |are
Used.

The proposed formula is an approximation. If more detailed results are required, the yser
shall refet<to IEC 60287-1-3. For mixed formations, that comprise flat and trefoil sectigns,
the usex-shall refer to IEC 60287-1-3.

b) [Where in any section the spacing between cables and its variation along the route are|not
known and cannot be anticipated, the losses in _that section, calculated from the degign
spacing, shall be arbitrarily increased by 25 %, this value having been found to be
appropriate for lead-sheathed HV cables. A different increase—may can be used by
agreement if it is considered that 25 % is not appropriate to a particular installation.

c) Where the section includes a spread-out end, it is possible that the allowance in b)-may will
not be sufficient and it is recommended that an estimate of the probable spacing be made
and the loss calculated by the procedure given in a) above.

NOTE This increase does not apply to installations with single-point bonding or cross-bonding (see 5.3.7).
5.3.6 Effect of Milliken conductors

Where the conductors are subjected to a reduced proximity effect, as with Milliken conductors,
the sheath loss factor 4{ of 5.3.2, 5.3.3 and 5.3.4 cannot be ignored, but shall be obtained by
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multiplying the value of A{, obtained from 5.3.7 for the same cable configuration, by the factor
£Cg given by the formula:

L _ 4 M2 N2+ (M+ N2
4 (M2 +1) (N2 +1)

2 2 2
_ 4 GGG+ Gy)

Cr
4 (C*+1) (GG +1)
Where
d - Rs R . : .
Maq-N===- 1 =Cy =— for cables in trefoil formation
X X
Ang
M AS
X + X
R, I I g
N s
~
3
R Ry . . . - .
Cul =——— and Cy =———=— for cables in flat fofnration with equidistant spacing.
X+Xn X—X—m
3

Where the spacing along a section is not @onstant the value of X shall be calculated| as
in .3.5 a).

5.3]7 Single-core cables, with sheaths bonded at a single point or cross-bonded

5.3]71 Eddy-current losses

For|single-core cables with"sheaths bonded at a single point or cross-bonded the eddy-current
los$ factor is given by:

(Br t,)*
12x10"? |

201 S 2 (4 A A\
E Gr—Ag— A

” RS (ﬂ'] tS)4
=—|C T+ 4+ 4p)+—————
A RC{ g f0 (TH i) 072

¢ 1,74
=44 =s -3 g
s &j—ﬁﬁs—ﬁd—*@
p 1,74
ch:1+£Di] (B Ds 1072 —1,6);
S

dro
Br= | ——;
107 pg

Where
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ps is the electrical resistivity of the sheath material at operating temperature (see Table 1)

(Q m);

Dy is the external diameter of the cable sheath (mm);

. , Dy + D,
NoTE—For corrugated sheaths, the mean outside diameter OCT”HS shall be used.

ty is the thickness of the sheath (mm);

w = 2xf;

(Bits )4

For|lead-sheathed cables, gsCys can be taken as unity and ———— can be neglected:
12x10

NoJeE2—For aluminium sheathed cables, it can be necessary for both termsc~may-—need tg be
evdluated when the sheath diameter is greater than approximately 70 mm, or the sheath is
thigker than usual.

NOJE-3—For cables with a wire screen and an equalizing tape, or foil screen over the wires,|the
eddy-current losses are considered negligible.

Formulae for 1y, Ay and A, are given below:

(in which: m =£10’7, for m<0,1, A; and A, can be/heglected)

S

1) [Three single-core cables in trefoil formation:

m? d 2
0 :3[1+m2](zj

](0,92 m-+1,66)

A1=UA4m2A5+Q33{1L
S

Ay =0

2) [Three single-core cables, flat formation:
a) centre cable:

g \(W4m+07)
S

A1=056m398{—-

Ay =0
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b) outer cable leading phase:

m? d 2
%0 = 1’5{1+m2 ] (Zj

g \016m+2)
Aq=4,7m%7 [—]
N
g \(1:47m +506)
Ay =21m>3 (—]
25

c) outer cable lagging phase:

m? d 2
%0 = 1,5(‘l+m2 j (Zj

0,74 (m+2) m*® ( d )(’””)

Ay = 4
Y 2im-0372 |&2s

N

2
ooy 2"

5.3{7.2 Circulating current losses

The circulating current loss is zerofor installations where the sheaths are single-point bonded,
and for installations where the sheaths are cross-bonded and each major section is divided |nto
thrge electrically identical miner sections.

Where a cross-bonded\installation contains sections whose unbalance is not negligiblg, a
res|dual voltage is-produced which results in a circulating current loss in that section which
mu$t shall be taken-into account.

Forlinstallations where the actual lengths of the minor sections are known, the loss factor| 4

can be calculated by multiplying the circulating current loss factor for the cable configuration
concerned, calculated as if it were bonded and earthed at both ends of each major secgion

ithottcross-bhondina byv-
without-cross-bonding-by-

pP+q*+1-p-pq-g
(p+q+1p

2 2
Cp +Cq +1—Cp —Cqu—Cq

(cp +C, +1)2
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Where in any major section, the two longer minor sections are pC, and ¢C times the length of
the shortest minor section (i.e. the minor section lengths are a, paCpa and gaCqa, where the
shortest section is a).

This Formula (11) deals only with differences in the length of minor sections.
Any variations in spacing-must shall also be taken into account.

Where lengths of the minor sections are not known, pC, should be set to 1 and gC, to 1,2, this

gives a value o1 U,UU4.

5.3{8 Two-core unarmoured cables with common sheath

Forla two-core unarmoured cable where the cores are contained in a common nietallic sheath,
A i negligible and the loss factor is given by one of the following Formulae (12)and (13):

— [for round or oval conductors:

L, 1602101 (V. (o)
" R R la) | \a)

5y 18?1071 (gf Mgﬂ (12)
Rc R d d

— [for sector-shaped conductors:

10,802 10-16 (4487 +t V¥ | ... (1,485 +t)

NI

o R Rs . a )| U a )
10,802 101=16 (1,487 +1, ) 1,481 + 19 \
Pl [ 1 Oj 12,2{’_10} (13)
RoR, d d

where

©  =2nf

f issthe frequency (Hz);

c is the distance between the axis of one conductor and the axis of the cable (mm);
by isthe radius of the circle (‘irmlme(‘rihing the two enr‘fnr-ehnpnd caonductors (mm);
d is the mean diameter of the sheath (mm);

— for oval-shaped cores, d is given by ,/dy,-d,, Where d), and d,, are the major and minor
mean diameters respectively;
— for corrugated sheaths, d is given by 72 (Dy. + D).

5.3.9 Three-core unarmoured cables with common sheath

For a three-core unarmoured cable where the cores are contained in a common metallic sheath,
A is negligible and the loss factor is, therefore, given by one of the following Formulae (14),
(15) and (16):
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for round or oval conductors, and where the sheath resistance Ry is less than or equal to

100 uQ/m:
. _3Rs|(2¢cY 1 (2cY 1
™ 2 2
R |Ld d
\ )1+[RS107J \ )1+4(RS107)
(O] [O)]
2 4
3R, |(2 1 2 1
H=== [—j (—C (14)
Re |Ud

C.

for sector-shaped conductors, and Rg anyyvalue:

where

for round or oval conductors, and where the sheath resistance Ry js greater than 100 uQJ/m:

. 3202 (2cV
" " RR, \d

2 2
320 (E) 10-14 (15)
RoR, \ d

2
" Rev(2n +t 1
i - 094 B [20L] 9
c 1+L$107J
(O]
Ry (2m+1g ¥ 1
/11”:0'94R_S( 7 Oj 2 (16)
¢ 1+ERS107J
w

is"the distance between the axes of conductors and the axis of the cable for three-dore

r1
t,

d

cahlac (mm\-
o8 S5

is the radius of the circle circumscribing the three shaped conductors (mm);
is the thickness of insulation between conductors (mm);
is the mean diameter of the sheath (mm);

— for oval-shaped cores, d is given by /dy-d,, where dy, and d,;, are the major and
minor mean diameters respectively of the sheath or screen;

— for corrugated sheaths, d is given by %2 (D, + Dj).
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5.3.10 Two-core and three-core cables with steel tape armour

The addition of steel tape armour increases the eddy-current loss in the sheath. The values for
/{ given in 5.3.8 and 5.3.9 should be multiplied by the following factor if the cable has steel-
tape armour:

- -2
2
(d V1
deJ 1+d7/-\
ud
2
2
dp 1d7A
HOp

where
dp | is the mean diameter of the armour (mm);
u | is the relative permeability of the steel tape (usually taken_as’300);

A Ap
wda 7z'dA

d, | is the equivalent thickness of the armour =

(Mm);
where 4, is the cross-sectional area of the armour (mm?2).
Thig correction is only known to be applicable totapes 0,3 mm to 1,0 mm thick.

5.3|11 Cables with each core in a separate-lead metallic sheath (SL type) and
armoured

Forla three-core cable of which each-core has a separate-lead metallic sheath ' is zero and
thelloss factor for the sheaths js given by:

. Rg 1,5
Mg 2
14| S
X
, R 1,5
1+( Sj
X
where
X =26 1o—upr(23\+94m+,
\d )
7..(2s .
s is the distance between conductor axes (mm).

C__ is the length correction factor for considering laying up cores. The calculation is given in
Annex A.

The loss factor for unarmoured cables with each core in a separate-lead metallic sheath is
obtained from 5.3.2.
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5.3.12 Losses in screen and sheaths of pipe-type cables

If each conductor of a pipe-type cable has a screen only over the insulation, for example a lead
sheath or copper tape, the ratio of the screen loss to the conductor loss may be calculated by
the formula given in 5.3.2 for the sheath of a single-core cable, provided that the formula is
corrected for the additional loss caused by the presence of the steel pipe and considering the
unit length of the cable when calculating the reactance Xx.

This modifies the formula to:

. Rs 175
Mg 2

14| S

X

Ry 1,5

If each core has a diaphragm sheath and non-magnetic reinfofcement, the same formula is
used, but the resistance Ry is replaced by the parallel combination of the resistance of |the

shdath and reinforcement. The diameter d is replaced by the‘value 4':

o | d% 3
2

d' |is the mean diameter of the sheath and reinforcement (mm);

where

d |is the mean diameter of the screefn’or sheath (mm);

d, | is the mean diameter of the réinforcement (mm).

In the case of oval-shaped cores d and d, are given by ,/dy -d,, Where dy; and d,,, are the major
and minor mean diameters respectively of the sheath or screen.

NOTE See also 5.4.3¢

5.4 Loss factor for armour, reinforcement and steel pipes (applicable to power
frequency AC cables only)

5.4{1 General

Thaeformulae gi\/nn inthis Subclause 5 4 express the power loss nr‘mlrring in metallic armour,
reinforcement or steel pipes of a cable in terms of an increment 1, of the power loss in all
conductors.

Appropriate values of electrical resistivity and resistance temperature coefficients for the
materials used for armour and reinforcement are given in Table 1.

The formulae given in this Subclause 5.4 use the resistance of the armour at its maximum
operating temperature. The maximum operating temperature of the armour is given by:
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Q Q J{l2h o 1AL \-r I
Uar —U = l\l "N TVUJ VVd’l']'T‘I

AT Tz}—@G}

O =9—{ (12Re +0.5 Wy) T3 +[ 12Re (1+29) + g | nTz} (°C)

where

0, is the maximum operating temperature of the armour (°C).

Because the temperature of the armour is a function of the current, I, an iterative method is
us€ld for the calculation.

The resistance of the armour per unit length of the cable at its maximum operating temperafure
is diven by:

AR f—e{m—26) (/m)

RA = RAO [14—0[20 (gar —ZOK)] (Q/m)

where

Rpd is the resistance of the armour per unit length of the cable at 20 °C (Q/m).

Where the equivalent resistance of sheath and armQur in parallel is used, it is sufficieptly
acqurate to assume that both components are at thé.operating temperature of the armour gnd
to yse an average value for the temperature coefficient of the materials.

5.4)2 Non-magnetic armour or reinforcement

Theg general procedure is to combine the\calculation of the loss in the reinforcement with that
of {he sheath. The formulae are given in 5.3 and the parallel combination of sheath and
reinfforcement resistance is used in"place of the single sheath resistance R,. The root mgan

square value of the sheath and reinforcement diameter replaces the mean sheath diametér d
(sege 5.3.12). This procedure-applies to both single, twin and multicore cables.

Theg value of the reinforcement resistance is dependent on the lay of the tapes as follows:

a) [If the tapes haye.a very long lay (longitudinal tapes), the resistance is based on a cylinder
having the sameé mass of material per unit length of cable and also the same intefnal
diameter as'the tapes.

b) [If the tapes are wound at approximately 54° to the cable axis, the resistance is twice |the
value“calculated according to item a) above.

c) [f&the tapes are wound with a very short lay (circumferential tapes), the resistancT is

d) If there are two or more layers of tapes in contact with each other, having a very short lay,
the resistance is twice the value calculated according to item a) above.

These considerations apply also to the cores of pipe-type cables dealt with in 5.3.12.

5.4.3 Magnetic armour or reinforcement

5.4.3.1 Single-core lead-sheathed cables — Steel wire armour, bonded to
sheath at both ends

The following method does not take into account the possible influence of the surrounding
media, which-may can be appreciable in particular for cables laid under water. The method is
intended for installations where spacing between cables is large (i.e. 10 m or more). It gives
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values for the sheath and armour losses that are usually higher than the actual ones, so that
ratings are on the safe side. It should be noted that the hottest part of the cable route-may can
be the on-shore section where both the losses and mutual heating-may can be high.

Where the influence of the surrounding media can be ignored, for example in air, the method
may be used for any spacing between cables.

Calculation of the power loss in the lead sheath and armour of single-core cables with steel-
wire armour with the sheath and armour bonded together at both ends is as follows:

a)

Tilc Uquivaibllt IUDiDtdIIbU Uf bilbdtil dlluI dal TTrTtoul iII Pdld“ci ib giVUII by
R.R
. =—S"A  (Q/m)
Ry T Rp
where

R is the resistance of the sheath per unit length of cable at its maximum operating t
perature (Q/m);

R, is the AC resistance of the armour per unit length of cable, at its maximum opera
temperature (Q/m).

The AC resistance of the armour wire varies from about™,2 times the DC resistanc
2 mm diameter wires up to 1,4 times the DC resistance for 5 mm wires. The resista
does not critically affect the final result.

[The inductance of the elements of the circuit is calculated per phase, as follows:

Hg =2x10°" In(%)

where Hg is the inductance due to the sheath per unit length of the cable (H/m)

2
d 7 .
H, :we[m fJ10 7 sinfcosy
pap
2
d . .
Hy = mug Mt 10’7S|nﬁsmy
pdp

Hy = 0,4(ﬂt(cos e —1){5—;]106

ing

b of
nce

NOTEHj is taken as zero for spaced wires.

where
H,, H, and H; are the components of the inductance due to the steel wires (H/m);

s, is the axial spacing between adjacent cables in trefoil formation; for cables in
formation s, is the geometric mean of the three spacings (mm);

dp is the mean diameter of the armour (mm);,

di  is the diameter of a steel wire (mm);

p is the length of lay of a steel wire along the cable (mm);

flat
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nq is the number of steel wires;

S is the angle between the axis of the armour wire and the axis of the cable;

v is the angular time delay of the longitudinal magnetic flux in the steel wires behind
magnetizing force;

ue is the longitudinal relative permeability of steel wires;

uy is the transverse relative permeability of steel wires;

For values of y, u, and u,, see item d).

023

the

Cet By = o (H, ¥ 0y ¥ Hz) (/M)

The total loss in the sheath and armour Wis+a) PET unit length of the cable is given by:

The loss in the sheath and armour may be assumed to be approximately equal, so that:

Wis+A)

f:i:
=1 YA

where

We= 12 RR is the loss in the conductor per unit'length of the cable (W/m).
Choice of magnetic properties y, u, and .

These quantities vary with the particular'sample of steel and unless reference can be m
to measurements on the steel wirerto be used, some average values—must should
assumed.

No appreciable error is involved if, for wires of diameters from 4 mm to 6 mm and ten
breaking strengths around 400 N/mm?2, the following values are assumed:

e = 400;

iy = 10, when wirgs are in contact;
uy = 1, whefe,Wires are separated,
y = 45X

If a more_precise calculation is required and the wire properties are known, then it is initi
necessary to know an approximate value for the magnetizing force H in order to find
appropriate magnetic properties.

hde
be

sile

ally
the

H:1moﬁ+@|

(ampere turns per metre)
727dA

where I and Iy are the vectorial values of the conductor current and sheath current.

For

the initial choice of magnetic properties, it is usually satisfactory to assume that |7+ I_S| =0,6 1,

and to repeat the calculations if it is subsequently established that the calculated value is

significantly different.
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5.4.3.2 Two-core cables — Steel wire armour

0,62 w2 10-14 382 Aw 105 | 148 r +t

Ny =

R Ra R d/?\ +957 A
2 414 5 2
P 0,62 v 10 +3,82 Apw 10 148 1 +19
2 =
RcRa Re d3 +957 Ay
wh¢re
R, | is the AC resistance of the armour at maximum armour temperature per unit lengthof

No

is considered negligible for conductor sizes up to 400 mm?2,
5.4{3.3 Three-core cables — Steel wire armour
5.4/3.3.1 Round conductor cable
R 2
x2:1,23—A(2,—C] LI—
\UA L2,77 Rp 10° J
=8 = +1
[Q)
2
/12:1,23’;—/*(5—‘3} L
c (A (2,77 Ra 106]
——h8 1 +1
w
where
R, | is the AC resistance of the armour at maximum armour temperature (Q/m);

dp

Cc

cable (Q/m);

is the mean diameter of the armour (mm);
is the cross-sectional area of the armour (mm?2);
is the circumscribing radius over conductors (mm);

is the insulation thickness between conductors (mm).

correction has been made for non-uniform current distributionin the conductors becaug

is theamean diameter of the armour (mm);

oorductors =0,5514 40,294 ) (mm);

the

e it

is-the distance between the axis of a conductor and the cable centre, (for sector-shaped

71

lo

is the circumscribing radius over conductors (mm);

is the insulation thickness between conductors (mm).

No correction has been made for non-uniform current distribution in the conductors because it
is considered negligible for conductor sizes up to 400 mmZ2. This equation is under consideration
because it-may can overestimate the armour loss factor for some cable designs.
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5.4.3.3.2 Sector conductor cables
R 2
x2:1,23—A(?—C] 1
N L2,77 RA‘IODJ 1
()]
2
Ry (2
xzzo,sss_A(d_“] L
Be \dn) (277 Rpy108 )
L e )
where

r1 | is the radius of the circle circumscribing the three shaped conductors (mm);
o |=2xnf;
/| is the frequency of supply (Hz).

5.4]3.4 Three-core cables — Steel tape armour or reinforcement

Theg following Formulae (17), (18), (19) and (20) apply to tapes-0,;3 mm to 1 mm thick.

Theg hysteresis loss is given for a frequency of 50 Hz by:

s2 k2 407
R.da d

A

i =
Re dp o

(17)

where

s | is the distance betweenconductor axes (mm);

o | is the equivalent thickness of the armour (mm), i.e. A_ _Aa ;
n dp mdp
ang
Ap | is the armour cross-sectional area (mm?2);
dp | is the-niéan diameter of the armour (mm).
Thq faotor kk; is given by:
k=1
T
ud
1
ks =
N (18)
HOp

where

4 is the relative permeability of the steel tape, usually taken as 300.
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For frequencies fother than 50 Hz, multiply the value of &k; given by the above Formula (18) by

the

factor L.
50

The eddy-current loss is given for a frequency of 50 Hz by:

., 22582 k2 51078
e R da

and

by

The
thu

e
seg

54

Wh
the

fac

225 2 1T2 Sn 10-8

—2-25-5—le—6—10

%= Rc d \
C “A

for any other frequency the value calculated from this Formula (19)-must shall be multip

2
he factor (Lj .
50

total armour loss factor is given by the sum of both hystergsis and eddy-current loss

h
D .

lp =0 + 75 (2

lEMagnetic armour or reinforcement, if any, increase eddy-current losses in the shea
S0 0 ererenescherlebomade e 0 0 00

3.5 SL type cables

bre the armour is over an SL type cable, the screening effect of the sheath currents redu
armour loss. The formula for'i, given in 5.4.3.3.1 or 5.4.3.3.2 shall be multiplied by

or

R

Rc .,
[”?ﬂ]

ed

es,

0)

hs,

ces
the

wh

Te /4 1S optaimedfrom 5-372:

5.4.4 Losses in steel pipes

The loss in steel pipes is given by two empirical formulae, one for cables where the cores are
bound in close trefoil formation and the other for cables where the cores are placed in a more
open configuration (cradled) on the bottom of the pipe. Actual cores in service probably
approximate to a configuration somewhere between the two. It is considered that the losses
should be calculated for each configuration and a mean value used:

NOTE These formulae have been empirically obtained in the United States of America and at present apply only to

pipe

sizes and steel types used in that country.
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00115s-0001485dy ), - =
R

[ 0,004 38 s +0,00226 dy ] _5 o .
R

[11,5s—1,485 dy
Jy =

= J’IO_8 for closely bound triangular configuration (21)
C

N
N
~

(4,38s +2,26d
by =| = 20d

7 ]108 for the open or cradled formation (
C

where
s | is the axial spacing of adjacent conductors (mm);
dy | is the internal diameter of the pipe (mm);

RR¢is the AC resistance per unit length of the—congyeter cable at maximum operafing
temperature (Q/m).

Thg Formulae (21) and (22) apply to a frequency.0f60 Hz. For 50 Hz, each formula should be
multiplied by 0,76.

For| pipe-type cables, where flat-wire armour is applied over all three cores after they are |Jaid
up,|the losses are independent of the pfesence of the pipe. For such cables, the losses in|the
arnmour-are-toe shall be calculated as for'SL type cables (see 5.4.3.5 and the losses in the pipe
arefte shall be ignored).

Table 1 — Electrical resistivities and temperature coefficients
of metals used

Material Resistivity (p) at 20 °C Temperature coefficient (a,,)
perK at 20 °C
(Q-m) (K1)
a) | Conductors,
Copper. 1,724 1 1078 3,93 1073
Afufpinium 2,826 4 1078 4,03 1073

b) Sheaths and armour

Lead or lead alloy 21,4 1078 4,0 1073
Steel 13,8 1078 4,5 1073
Bronze 3,5 1078 3,0 1073
Stainless steel 70 10°8 Negligible
Aluminium 2,84 1078 4,03 10738

NOTE Values for copper conductors are taken from IEC 60028. Values for aluminium conductors are taken from
IEC 60889.
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Table 2 — Skin and proximity effects —
Experimental values for the coefficients kg and k&,

Type of conductor Conductor kg kp
insulation system

Copper
Round, solid All 1 1
Round, stranded Fluid4/ or paper®/ or 1 0,8

PPLf
Round, stranded Extruded9/ or 1 1

Mineral®

Rodind, Milliken® Fluid/ or papert or 0,435 0,37

PPL
Rolind, Milliken, insulated wires® Extruded 0,35 0,20
Rodind, Milliken, bare uni-directional Extruded 0,62 0,37
wirgs®
Rodind, Milliken, bare bi-directional Extruded 0,80 0,37
wirgs®
Hollow, helical stranded All a 0,8
Segtor-shaped Fluid/ or papert or 1 0,8

PPL
Segtor-shaped Extruded/ or Mineral 1 1
Aluminium
Rodind, solid All 1 1
Rodind, stranded All 1 0,8
Rolind Milliken® All 0,25 0,15
Hollow, helical stranded All a 0,8
NOJTE 1 The tabulated values of k, and kp for large~stranded conductors have generally been derived from thpse
giveén in CIGRE Technical Brochure 272 (Large cross-sections and composite screens design). If conductors jare
diffprent from the study to establish CIGRE Teehnical Brochure 272 (e.g. aluminium cross-sections bigger than

20

fro

NO
of i

NO

a

DO mm?2, copper cross-sections bigger thah2 500 mm?, different constructions, etc), kg and kp can be differe]
h the CIGRE study. |4

TE 2 The value of kg given for.round, Milliken, insulated wires is a limiting value intended to cover all meth

hsulating the wires including(enamelling, oxidized wires or other methods.
TE 3 The value of i, given for hollow helical stranded conductors is applicable to keystone conductors.

The following formiula-should be used for kg:
2
b = dg —d; \( di +2d;
S o \dl+d )\ d+d

d,“ds the inside diameter of the conductor (central duct) (mm);

where

nt

bds

b

d', is the outside diameter of the equivalent solid conductor having the same central duct (mm).

The coefficients for these designs can be influenced by the detail of the conductor design. Subject to agreement
between the manufacturer and user, measured values of AC resistance or more conservative values of &, and

kpmay can be used. A common measurement method is under consideration. CIGRE TB 272 discusses th
measurement methods. A CIGRE working group is working on the subject.

Milliken conductor: stranded conductor comprising an assembly of shaped stranded
conductors, with each segment lightly insulated from each other. The
individual strands-may can be either insulated (e.g. enamelled or
oxidized) or bare.

Fluid insulation: insulation system consisting of lapped paper and an insulating fluid
which is designed to maintain free movement of the fluid within the
cable.

Paper insulation: lapped insulation consisting of paper impregnated with an insulating

material.

ree



The base for the tabulated ks and kp factors is given to raise user’s awareness about its coverage. See also table footnote b.
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PPL insulation:

Extruded insulation:

Mineral insulation:
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fluid filled cable where a polypropylene/ and paper laminate is used in
place of lapped paper.

insulation consisting generally of one layer of a polymeric material and
applied by an extrusion process.

insulation consisting of compressed mineral powder. Generally only
used on specific types of LV cable.
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Table 3 — Values of relative permittivity and loss factors for the insulation

of high-voltage and medium-voltage cables at power frequency

Type of cable & tan ¢*
Cables insulated with impregnated paper
Solid type, fully-impregnated, pre-impregnated or mass-impregnated non-draining 4 0,01
Oil-filled, self-contained?® up to Uy = 36 kV 3,6 0,003 5
up to Uy = 87 kV 3,6 0,003 3
up to U, = 160 kV 3,5 0,003 0
up to U, = 220 kV 3,5 0,002 8
Oil{pressure, pipe-typeP 3,7 0,004 5
External gas-pressure® 3,6 07004 0
Intgrnal gas-pressure? 3,4 0,004 5
PPL
efiual to, or greater than 63/110 kV cables 2/8 0,001(4
Cable with other kinds of insulation
Buftyl rubber 4 0,050
EPR®
up to and including 18/30 (36) kV cables 3 0,020
gfeater than 18/30 (36) kV cables 3 0,005
PV 3e 8 0,1
PE|(HD and LD)® 2,3 0,001
XLPE®
up to and including 18/30 (36) kV cables (unfilled) 2,5 0,004
gfeater than 18/30 (36) kV cables (unfilled) 2,5 0,001
gfeater than 18/30 (36) kV cables (filled) 3,0 0,005

type of cable.

a |See IEC 60141-1.

b [See IEC 60141-4.

¢ |See IEC 60141-3.

d |See IEC 60141-2.

¢ |See IEC 60502-1@nd1EC 60502-2.

NOIE_ The di : . : s : ina:

Safe values at maximum permissible tempgrature, applicable to the highest voltages normally specified for epch

stilgs g |2S
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Table 4 — Absorption coefficient of solar radiation
for cable surfaces

Material P
Bituminized jute serving 0,8
Polychloroprene 0,8
PVC 0,6
PE 0,4
Lead 0,6
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Annex A
(normative)

Correction factor for increased lengths of individual cores
within multicore cables

In multicore cables the lengths of the individual cores are increased by their laying up compared
to the length of the complete cable. For calculating physical properties like electrical resistance
or capacitance relative to the length of the completed cable a correction factor shall be applied

o <l

on

Inn

evdluated as:

The
as
fac

The

L. LE + L L, 1 1ot o H~ WP~ | 1 % HPi Y
Mo TOOoUTlO LITdl TTavVe UTTUTT LAalTuuTalTu at s 1miurvivudl otraryrit CUTT o.

Q

hulticore cables with round cores the factor | for taking into account this Iaying@ar

>
3V

c D'y | N
7[. .
CLL = [1+ —ﬂ: P /\:\ (}
LL %
&
where: S\\<</
is the diameter of the individual core (m); Q O
is the axial cable length over which the co\r@ ake one full helical turn (m).
N
factor Cy is used to take into account the ition of the neutral axis of the helically wo
b since such axis does not generally spond to the core centre.
properties like electrical resistan}g@or electrical capacitance of the cable can then be fo
he electrical resistance or cag itance of an individual core multiplied by the lay ler]
or. See Formula (A.1). b\
.\0
values of Cy for differ@numbers of cores are given in Table A.1:

Table@@— Values of factor Cy_for different numbers of cores

T of cores 2 3 4 5 6

<j§aor C, 116 1,29 153 1,80 2,08

be

1)

Lind

Lind
gth

&S
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List of comments
1 To avoid the use of same symbol with different meanings or different symbols with the same
meaning across |IEC 60287 standard series, some symbols have been changed. One of the
main new criteria is the use of capital letter “C” for all coefficients.
2 The reference “per unit length of cable” is now explicitly aligned to its use in IEC 60228.

3 Introducing the length correction factor for considering the laying up at multicore cables.

4 The base for the tabulated kg and k, factors is given to raise user's awareness about its
coverage. See also table footnote b.
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IEQ 60287-1-1 has been prepared by IEC technical committee 20: Electric cables. It is
Intdrriational Standard.
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

ELECTRIC CABLES -
CALCULATION OF THE CURRENT RATING -

Part 1-1: Current rating equations (100 % load factor)

— and calculatiomof fosses —General

FOREWORD

all national electrotechnical committees (IEC National Committees). The object of IEC is to promote internati
o-operation on all questions concerning standardization in the electrical and electronicfields. To this end
ih addition to other activities, IEC publishes International Standards, Technical Specifications, Technical Rep
Publicly Available Specifications (PAS) and Guides (hereafter referred to as ‘IEC Publication(s)”). T
preparation is entrusted to technical committees; any IEC National Committee interested in the subject dealt
fnay participate in this preparatory work. International, governmental and non-govetnmental organizations liai
vith the IEC also participate in this preparation. IEC collaborates closely with™the’ International Organizatio
btandardization (ISO) in accordance with conditions determined by agreeméentbetween the two organizatior

The formal decisions or agreements of IEC on technical matters expressy. as nearly as possible, an internati
onsensus of opinion on the relevant subjects since each technicallecommittee has representation fron
interested IEC National Committees.

[EC Publications have the form of recommendations for interhational use and are accepted by IEC Nati
Committees in that sense. While all reasonable efforts areszmade to ensure that the technical content of
Publications is accurate, IEC cannot be held responsible “for the way in which they are used or for
misinterpretation by any end user.

Il order to promote international uniformity, IEC National Committees undertake to apply IEC Publicaf
fransparently to the maximum extent possible in theipnational and regional publications. Any divergence betw
any IEC Publication and the corresponding natigh@hor regional publication shall be clearly indicated in the Ig

I[EC itself does not provide any attestation oficonformity. Independent certification bodies provide confor
assessment services and, in some areas, (dccess to IEC marks of conformity. IEC is not responsible for
gervices carried out by independent certification bodies.

A\l users should ensure that they have\the latest edition of this publication.

INo liability shall attach to IEC or~ifs directors, employees, servants or agents including individual experts
members of its technical commiftees and IEC National Committees for any personal injury, property damag
ther damage of any nature.whatsoever, whether direct or indirect, or for costs (including legal fees)
¢xpenses arising out of\ the publication, use of, or reliance upon, this IEC Publication or any other
Publications.

\ttention is drawn/tothe Normative references cited in this publication. Use of the referenced publicatior
indispensable for, the’correct application of this publication.

\ttention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of pg
fights. IEC~shall not be held responsible for identifying any or all such patent rights.

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
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This third edition cancels and replaces the second edition published in 2006 and
Amendment 1:2014. This edition constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

a) thorough redefinition of symbols used across the IEC 60287 and IEC 60853 series to realign
and unify definitions, eliminate inconsistencies and to improve cross-use of the different

b)

parts of both IEC 60287 and IEC 60853 series;

introduction of corrective factors on relevant calculated physical characteristics to take into
account the effect of multicore lay-lengths; a dedicated annex to highlight correction factors

for different number of cores has been introduced (Annex A).
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The text of this International Standard is based on the following documents:

Draft Report on voting

20/2096/FDIS 20/2103/RVD

Full information on the voting for its approval can be found in the report on voting indicated in

the

above table.

The language used for the development of this International Standard is English.
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5 document was drafted in accordance with ISO/IEC Directives, Part 2, and develope
ordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, availg
vww.iec.ch/members_experts/refdocs. The main document types developed by IEC
cribed in greater detail at www.iec.ch/publications.

st of all parts in the I[EC 60287 series, published under the general title Electric cablg
culation of the current rating, can be found on the IEC website.

committee has decided that the contents of this document wilkremain unchanged until
pility date indicated on the IEC website under webstore.igc.ch in the data related to
cific document. At this date, the document will be

reconfirmed,

withdrawn,

replaced by a revised edition, or

amended.
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INTRODUCTION

This part of IEC 60287 contains formulae for the quantities Rg, Wy, 14 and 4,.

It contains methods for calculating the permissible current rating of cables from details of
permissible temperature rise, conductor resistance, losses and thermal resistivities.

Formulae for the calculation of losses are also given.

the

als
cal
ted

in practice, for example, thermal resistivities and permittivities of materials. lg_this latter

category, some of the values given are not characteristic of the quality of new_€aples but
conlsidered to apply to cables after a long period of use. In order that uniform-and comparg

are
ble

reslilts can be obtained, the current ratings should be calculated with the values given in fhis
dogument. However, where it is known with certainty that other values are more appropriat¢ to

the| materials and design, then these may be used, and the corresponding current ra
dedlared in addition, provided that the different values are quoted.

ing

Quantities related to the operating conditions of cables are liabte to vary considerably from pne
country to another. For instance, with respect to the ambient”temperature and soil thermal
resistivity, the values are governed in various countries by.different considerations. Superficial
comparisons between the values used in the various) countries can lead to erronepus

conclusions if they are not based on common critefia: for example, there can be diffef
explectations for the life of the cables, and in somevcountries design is based on maxin
vallies of soil thermal resistivity, whereas in others average values are used. Particularly, in
casl of soil thermal resistivity, it is well known that this quantity is very sensitive to soil moisf{

ent
um
the
ure

content and can vary significantly with time, @epending on the soil type, the topographical and

mefeorological conditions, and the cable |6ading.

Thg following procedure for choosing the values for the various parameters should, therefore,

be gdopted.

Numerical values should preferably be based on results of suitable measurements. Often spch

resylts are already included in national specifications as recommended values, so that
calgulation can be based on these values generally used in the country in question; a surve
such values is given/iInNEC 60287-3-1.

A spggested list.of the information required to select the appropriate type of cable is give
IEC 60287-3:1.

the
y of

h in
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Thi

altgrnating voltages, and direct voltages up to 5 kV, buried directly in the groufd, in du
trod

sur

Thi

Thg formulae given are essentially literal and designedly leave’ open the selection of cer
important parameters. These can be divided into three groups”

2
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ELECTRIC CABLES -
CALCULATION OF THE CURRENT RATING -

Part 1-1: Current rating equations (100 % load factor)
and calculation of losses — General

Scope

5 part of IEC 60287 is applicable to the conditions of steady-state operation of cdblées a

ounding ambient conditions being assumed constant.

5 document provides formulae for current ratings and losses.

parameters related to construction of a cable (for éxample, thermal resistivity of insula
material) for which representative values have béeh selected based on published work;

which depends on the country in which the‘¢ables are used or will be used;
involve a margin for security of service (for example, maximum conductor temperature)
Normative references

following documents are:réferred to in the text in such a way that some or all of their con
stitutes requirements of this document. For dated references, only the edition cited appl
undated references,. the latest edition of the referenced document (including
bndments) applies:

60228, Condtluctors of insulated cables

6028721-8, Electric cables — Calculation of the current rating — Part 1-3: Current ra
ations\(100 % load factor) and calculation of losses — Current sharing between pard

sin?le-core cables and calculation of circulating current losses

all
cts,

ghs or in steel pipes, both with and without partial drying-out of the soil, as~well as cabjles
in gdir. The term "steady state" is intended to mean a continuous constant current (100 % |
facfor) just sufficient to produce asymptotically the maximum conductor\temperature,

bad
the

ain

ing

parameters related to the surrounding conditions, which can vary widely, the selectiofn of

parameters which result from an agreement between manufacturer and user and which

ent
es.
any

fing
hllel

IEC 60287-2-1:2023, Electric cables — Calculation of the current rating — Part 2-1: Thermal
resistance — Calculation of the thermal resistance
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3 Terms, definitions and symbols

3.1

Terms and definitions

No terms and definitions are listed in this document.

ISO and IEC maintain terminology databases for use in standardization at the following

addresses:
e |EC Electropedia: available at https://www.electropedia.org/
e [ISO Online browsing platform: available at https://www.iso.org/obp
3.2 Symbols
Thg symbols used in this document and the quantities which they represent are given in
follpwing list.
AN cross-sectional area of the armour mm?2
B4l By coefficients (see 5.4.3) Q/m
C capacitance per core F/m
CH coefficient defined in 5.3.6
Ce coefficient to take into account the position,of.the neutral axis
of the helically wound core in Annex A
Cys coefficient used in 5.3.7.1
Cill length correction factor for considering laying up of cores
Chi1 coefficient defined in 5.3.6
CN coefficient defined in 5.3.6
off coefficient defined in 5:3.4 Q/m
Cy coefficient used in.5;3.7.2
Cq coefficient defined in 5.3.4 Q/m
Cq coefficientused in 5.3.7.2
D’ external diameter of cable m
D; diameter over insulation mm
DF* diameter over the individual core of a multicore cable m
Dy external diameter of metal sheath mm
D{c diameter of the imaginary coaxial cylinder which just touches mm
the crests of a corrugated sheath
Djt dtameter of the maginary cyfmder whichjusttouches the —mm
inside surface of the troughs of a corrugated sheath
Eg intensity of solar radiation W/m?Z2
H magnetizing force (see 5.4.3) A/m
Hg inductance of sheath H/m
Hq, Hy, Hj components of inductance due to the steel wires (see 5.4.3) H/m
1 current in one conductor (RMS value) A
Ig current in sheath (RMS value) A
LL* axial cable length over which the cores make one full helical

turn

the
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Rc alternating current resistance of conductor at its maximum Q/m
operating temperature per unit length of the cable

Ra AC resistance of armour at its maximum operating Q/m
temperature per unit length of the cable

Rpo AC resistance of armour at 20 °C per unit length of the cable Q/m

Rg equivalent AC resistance of sheath and armour in parallel Q/m

Ry AC resistance of cable sheath or screen at their maximum Q/m
operating temperature per unit length of the cable

R, AT resistance of cable sheath or screen at 20 "C per unit  /m
length of the cable

R' DC resistance of conductor at maximum operating Q/m
temperature per unit length of the cable

R, DC resistance of conductor at 20 °C per unit length of the >Q/m
cable

T, thermal resistance per core between conductor and, sheath K- m/W
per unit length of the cable

Ty thermal resistance between sheath and armour perunit length K - m/W
of the cable

Ty thermal resistance of external serving perlunit length of the K - m/W
cable

T, thermal resistance of surrounding smedium (ratio of cable K- m/W
surface temperature rise above ambient to the losses per unit
length)

™, thermal resistance in free airg-@djusted for solar radiation K- m/W

y thermal resistance betweencable and duct (or pipe) K- m/W

Ty thermal resistance of-the duct (or pipe) K- m/W

Ty thermal resistanee of the medium surrounding the duct (or K- m/W
pipe)

U, voltage between conductor and screen or sheath \

wi losses in,armour per unit length of the cable W/m

W lossés in conductor per unit length of the cable W/m

W, dielectric losses per unit length of the cable per phase W/m

W losses dissipated in sheath per unit length of the cable W/m

Wis+A) total losses in sheath and armour per unit length of the cable W/m

X reactance of sheath (two-core cables and three-core cables Q/m
in trefoll) per unit length of the cable

X, reactance of sheath (cables in flat formation) Q/m

X mutual reactance between the sheath of one cable and the Q/m
conductors of the other two when cables are in flat information

a shortest minor length in a cross-bonded electrical section m
having unequal minor lengths

c distance between the axes of conductors and the axis of the mm
cable for three-core cables

d mean diameter of sheath or screen mm

d' mean diameter of sheath and reinforcement mm
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dy mean diameter of reinforcement mm

dp mean diameter of armour mm

de external diameter of conductor mm

d'. external diameter of equivalent round solid conductor having mm
the same central duct as a hollow conductor

dy internal diameter of pipe mm

ds diameter of a steel wire mm

d infernal diameter of hollow conducfor mm

dp major diameter of screen or sheath of an oval conductor mm

d minor diameter of screen or sheath of an oval conductor mm

. diameter of an equivalent circular conductor having the same"“mm

cross-sectional area and degree of compactness as the
shaped one

f system frequency Hz

k¢ factor used in the calculation of hysteresis loss€s,in armour
or reinforcement (see 5.4.3.4)

ky factor used in calculating x, (proximity effect)

kg factor used in calculating x4 (skin effect)

I length of a cable section (general symbol, see 5.3.5) m

In natural logarithm (logarithm to base e, see IEC 60027-3)

m parameter used in calculation\of eddy-current loss factor 10-7 m/Q

n number of conductors in*a.cable

4 number of steel wires;in a cable (see 5.4.3)

p length of lay of a-steel wire along a cable (see 5.4.3)

rq circumscribing.. radius of two- or three-sector shaped mm
conductors

s axial separation of conductors mm

54 axialiseparation of two adjacent cables in a horizontal group mm
of three, not touching

S axial spacing between adjacent cables in trefoil formation; for mm
cables in flat formation s, is the geometric mean of the three
spacings

1o insulation thickness between conductors mm

13 thickness-ef-the-serving fAth

ts thickness of the sheath mm

v ratio of the thermal resistivities of dry and moist soils
(v = pylpw)

Xp argument of a Bessel function used to calculate proximity
effect

Xg argument of a Bessel function used to calculate skin effect

Vp proximity effect factor (see 5.1)

skin effect factor (see 5.1)
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g temperature coefficient of electrical resistivity at 20 °C, per I/K
kelvin

B coefficient used in 5.3.7.1

Bo angle between axis of armour wires and axis of cable (see
5.4.3)

y angular time delay (see 5.4.3)

Ay, Ay coefficients used in 5.3.7.1

o equivalent thickness of armour or reinforcement mm

tano loss factor of insulation

& relative permittivity of insulation

£q permittivity of vacuum F/m

0 maximum operating temperature of conductor °C

0, ambient temperature °C

0, maximum operating temperature of armour °C

Ot maximum operating temperature of cable screen(or‘sheath °C

0y critical temperature of soil; this is the temperature of the °C
boundary between dry and moist zones

A4 permissible temperature rise of conductor above ambient K
temperature

A4, critical temperature rise of soil; this'is the temperature rise of K
the boundary between dry and moist zones above the ambient
temperature of the soil

g coefficient used in 5.3.7.%

2] Ao ratio of the total lgosses in metallic sheaths and armour
respectively to the\total conductor losses (or losses in one
sheath or armourto the losses in one conductor)

by ratio of the losses in one sheath caused by circulating currents
in the sheathto the losses in one conductor

M ratio of the losses in one sheath caused by eddy currents to
the lesses in one conductor

M Ioss” factor for the middle cable of three cables in flat
formation without transposition, with sheaths bonded at both
ends

P loss factor for the outer cable with the greater losses of three
cables in flat formation without transposition, with sheaths
bonded at both ends

i loss factor for the outer cable with the least losses of three

2 cables in flat formation without transposition, with sheaths
bonded at both ends

u relative magnetic permeability of armour material

Ue longitudinal relative permeability

Uy transverse relative permeability

P20 conductor resistivity at 20 °C Q-m

P4 thermal resistivity of dry soil K- m/W
thermal resistivity of moist soil K- m/W

Pw
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4.1

Wh
the
not

4.2

4.2

Thg permissible current rating of an AC cable can be derived fromythe expression for
temperature rise above ambient temperature:

where

1
AO
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sheath resistivity at 20 °C Q'm

absorption coefficient of solar radiation for the cable surface
angular frequency of system (2xf)

Permissible current rating of cables

General

bn the permissible current rating is being calculated under conditions of partial drying-ou
soil, it is also necessary to calculate a rating for conditions where drying out of the_seil d
occur. The lower of the two ratings shall be used.

Buried cables where drying out of the soil does not occur or cables in air

1 AC cables

A6 = (I?R¢ +%Wd )Ty + n[I2 R (1+ Jq) + Wyl Ty + n[I? Re (14944 49 ) + Wy(Ts +Ty)

is the current flowing in one conductor (A);
is the conductor temperature rise aboye-the ambient temperature (K);

NOTE The ambient temperature is the temperature of the surrounding medium under normal conditions,
situation in which cables are installed, erwill be installed, including the effect of any local source of heat

is the alternating current resistance per unit length of the cable at maximum opera
temperature (Q/m);

(W/m);

is the thermalfesistance per unit length of the cable between one conductor and the sheg
(K- m/W);

armouh (K - m/W);
isthe thermal resistance per unit length of the cable of the external serving of the c3

not the increase of temperature in the immediate neighbourhood of the cables due to heat arising therefrom.

t of
bes

the

at a
but

ing

is the dielectric loss per-unit length of the cable for the insulation surrounding the condugtor

ath

is the thermal resistance per unit length of the cable of the bedding between sheath gnd

ble

<K a] II“V’V) y
is the thermal resistance per unit length between the cable surface and the surround
medium, as derived from IEC 60287-2-1 (K - m/W);

ing

is the number of load-carrying conductors in the cable (conductors of equal size and

carrying the same load);
is the ratio of losses in the metal sheath to total losses in all conductors in that cable;

is the ratio of losses in the armouring to total losses in all conductors in that cable.
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The permissible current rating is obtained from Formula (1) as follows:

AO-Wy[0.5 Ty +n(Ty+T3 +T4)] 05

1= (2)

" ReTy+nRe (1+iq) Ty +nRe (14 24+ ) (T3 +15)

Where the cable is exposed to direct solar radiation, the formulae given in IEC 60287-2-1:2023,
4.2.1.2 shall be used.

The
rati
con
con
the

4.2

The

AC|Formula (2):
0,5
I AG
R'T{+nR'T, +nR' (T34 1y)
where
R' |is the direct current resistance per unit-length of the cable at maximum opera

Wh
4.2

4.3
4.3

The
con
of t
site

be appropriate for those applications in which soil behaviour is considered in simple terms o

NOT
cons

current rating for a four-core low-voltage cable may be taken to be equal to the ‘curi
ng of a three-core cable for the same voltage and conductor size having (the sg
struction, provided that the cable is used in a three-phase system where-the fo
ductor is either a neutral conductor or a protective conductor. When it is a negtral conduc
current rating applies to a balanced load.

2 DC cables up to 5 kV

permissible current rating of a DC cable is obtained from the fallowing simplification of

temperature (Q/m).

bre the cable is exposed to direct solar radiation, the formulae given in IEC 60287-2-1:2(
1.2 shall be used.

Buried cables where partial drying-out of the soil occurs
1 AC cables

following method:shall be applied to a single isolated cable or circuit only, laid
ventional depths.The method is based on a simple two-zone approximate physical mq
he soil where the zone adjacent to the cable is dried out whilst the other zone retains
's thermal-resistivity, the zone boundary being on isotherm?. This method is considere

E ¥ Nnstallations of more than one circuit as well as the necessary spacing between circuits are u
ideration.

ent
me
irth
tor,

the

ing

23,

at
del
the
i to

nly.

hder

Changes in external thermal resistance, consequent to the formation of a dry zone around a
single isolated cable or circuit, shall be obtained from the following Formula (3), compared with

For

1
(

mula (2):

AO-Wy[05T; +n (T + Ty +vIy)+ (v—1a0,] 1°°

| Ro[Ty +n(1+0q) Ty +n(1+ i + Jp) (T +vTy)]

in particular section 3 and Appendix 1).

3)

"Current ratings of cables buried in partially dried-out soil, Part 1": Electra No. 104, p. 11, January 1966
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where

v

R¢

is the ratio of the thermal resistivities of the dry and moist soil zones (v=pq4/py);

is the AC resistance of the conductor at its maximum operating temperature per unit length

of the cable (Q/m);

pq is the thermal resistivity of the dry soil (K - m/W);
py is the thermal resistivity of the moist soil (K - m/W);
0, is the critical temperature of the soil and temperature of the boundary between dry and

moist zones (°C);
%a | is the ambient temperature (°C);
AQ,| is the critical temperature rise of the soil. This is the temperature rise of the( boundary

between the dry and moist zones above the ambient temperature of the soil (6,,+8;) (K);
T, Is calculated using the thermal resistivity of the moist soil (p,,) using IEC 60287-2-1:2(23,
4.213.3. Mutual heating by modification of the temperature rise as in "NEC 60287-2-1:2(23,
4.213.2 cannot be applied.
0y and pq shall be determined from a knowledge of the soil conditigns.
NOTE 2 The choice of suitable soil parameters is under consideration\ln the meantime, values can be agfeed
between the manufacturer and purchaser.
4.3]2 DC cables up to 5 kV
Thg permissible current rating of a DC cable is obtained from the following simplification of|the
AC|Formula (3):

0,5
7o AG + (v —1) Aby
RU[Ty +nTy +n (T3 +vTy)]

where
R' |is the direct current résistance per unit length of the cable at maximum operating

temperature (Q/m).
When considering eable installations in pipes or ducts, the thermal resistance of the surrounding
medlium 7, isscomposed by three additive contributions of thermal resistances, i. e. that of|the
medium ingide the pipe, the pipe itself and the ambient medium around the pipe 7, 7; and
77 | se€ IEC 60287-2-1. In that case only the contribution 7' is affected by drying out of|the
soill arid’in the above two formulae the term vT; shall be replaced by the term T, + T +vIy'
4.4 Buried cables where drying-out of the soil shall be avoided

4.4.1 AC cables

Where it is desired that moisture migration be avoided by limiting the temperature rise of the

cab

le surface to not more than Ad,, the corresponding rating shall be obtained from:

A0 -y T, P
1:{ x _"7d’4 )} (4)

I’chT4 (1+}Lr| + /12
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However, depending on the value of A#, this can result in a conductor temperature which

exceeds the maximum permissible value. The current rating used shall be the lower of the two
values obtained, either from the above Equation (4) or from Equation (1).

The conductor resistance R shall be calculated for the appropriate conductor temperature,

which can be less than the maximum permitted value. An estimate of the operating temperature
shall be made and, if necessary, subsequently amended.

NOTE

For four-core low-voltage cables, see the final paragraph in 4.2.1.

4.4]2

DC cables up to 5 kV

Thg permissible current rating of a DC cable shall be obtained from the following simplification

of the AC Formula (4):

Theg conductor resistance R’ shall be modified as in 4.3.2.

4.5

4.51

05
,_[ 20,
nR' T4

Cables directly exposed to solar radiation

General

Taling into account the effect of solar radiation on'a’ cable, the permissible current rating is

givén by Formulae (5) and (6):

4,512 AC cables
" . 4 700
A&—Wd[0,5T1+n(T2+T3+T4 )J—UDe E, T} )
1= 5
ReTy +nRe {2 4y) Ty +nRe (1434 + ) (T3 + TF)
DC|cables up to 5 k\.
* # 0,5
; A0 -0 D, Eg T} 6)

R'Ty+nR' Ty +nR' (T3 +T§)

where

is the absorption coefficient of solar radiation for the cable surface (see Table 4);

is the intensity of solar radiation which should be taken as 1 000 W/mZ2 for most latitudes;
it is recommended that the local value be obtained where possible;

is the external thermal resistance of the cable in free air, adjusted to take account of solar
radiation (see IEC 60287-2-1) (K - m/W);

is the external diameter of the cable (m) for corrugated sheaths
D = (Dyg + 2t3) - 1073 (m);

is the thickness of the serving (mm).
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Calculation of losses

AC resistance of conductor

5.1.1 General

023

The AC resistance per unit length of the cable at its maximum operating temperature is given
by the following Formula (7), except in the case of pipe-type cables (see 5.1.6):

Re =R'(1 +ys+yp) (7)

where

Rc | is the alternating current resistance of the conductor at maximum operating/temperafure
per unit length of the cable (Q/m);

R' | is the DC resistance of the conductor at maximum operating temperature per unit length of
the cable (Q/m);

vs | is the skin effect factor;

Vo is the proximity effect factor.

5.1{2 DC resistance of conductor

Thg DC resistance per unit length of the cable at its maximum operating temperature 6 is giyen

by:

R'=R,[1 #0590 — 20K)]

where

R, | is the DC resistance of the conductor at 20 °C per unit length of the cable (Q/m),
The value of R, shall be derived directly from IEC 60228. Where the conductor size is
outside the range covered, by IEC 60228, the value of R, can be chosen by agreemfent
between the manufacturer and purchaser. The conductor resistance should then| be
calculated using the values of resistivity given in Table 1 and considering the length of|the
conductor in the finished cable, see also Annex A.

ayo| is the constant mass temperature coefficient at 20 °C per kelvin (see Table 1 for standard
values);

6 |is the maximum operating temperature in degrees Celsius (this will be determined by [the
type-ofiinsulation to be used); see appropriate IEC specification or national standard.

5.1]3.</ Skin effect factor y

The skin effect factor y4 is given by the following equations:

For

For

For

4
0<x <28 Yo= S
192+0,8 x&
2,8 <x,<3,8 yg =—0,136 —0,0177 x5 +0,0563 x>
xg > 3,8 ys =0,354x —0,733
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where

2287 407

S S
f is the supply frequency in Hz.

Values for kg are given in Table 2.

In the absence of alternative formulae, it is recommended that the formulae in 5.1.3 be used
also for sector and oval-shaped conductors

5.1)4 Proximity effect factor y, for two-core cables and for two single-core cables

Theg proximity effect factor is given by:

o = xg 2 (d—cjz x2,9
192+0,8 x5 \ 8
where
xg :SL{F1O_7 ko
d, | is the diameter of the conductor (mm);

s | is the distance between conductor axes (mm).

Valpes for ko are given in Table 2.

Theg formulae in 5.1.4 are accurate providing Xp does not exceed 2,8, and therefore applie$ to
the|majority of practical cases.

5.1|5 Proximity effect factor Vo for three-core cables and for three single-core cables

5.115.1 Circular conductor cables

Theg proximity effect factor is given by:

4 2 2
” :x—p(d—CJ 0312[‘{—0] + 118
" 192408 xf | s s xp

7 +0,27
I 192+0;8 Tp ]
where
2_8af 7
xp—710 kp )
d. is the diameter of the conductor (mm);

s is the distance between conductor axes (mm).

For cables in flat formation, s is the spacing between adjacent phases. Where the spacing

between adjacent phases is not equal, the distance will be taken as s = VI1XS2

Values for kg are given in Table 2.
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The formulae in 5.1.5.1 are accurate provided Xp does not exceed 2,8, and therefore applies to

the

majority of practical cases.

5.1.5.2 Shaped conductor cables

In the case of multicore cables with shaped conductors, the value of Vo shall be two-thirds of

the

value calculated according to 5.1.5.1,

with:

d, =d, = diameter of an equivalent circular conductor of the same cross-sectional area, and

s =

degree of compaction (mm);
dx + t()) (mm),

where

fo
Val

Thi
maj

5.1

For|
and

5.2
The

is the thickness of insulation between conductors (mm).

Les for kg are given in Table 2.

5 calculation is accurate provided Xp does not exceed 2,8, and therefore applies to
ority of practical cases.

6 Skin and proximity effects in pipe-type cables

pipe-type cables, the skin and proximity effects’ calculated according to 5.1.3, 5
5.1.5 shall be increased by a factor of 1,5. For-these cables,

Rg = R'[1+1,5(y3 +ypﬂ (Q/m)

Dielectric losses (applicable to AC cables only)

dielectric loss is voltageidependent and thus only becomes important at voltage le

relgted to the insulation material being used.
Thg dielectric loss should be taken into account for values of U, equal to or higher than
follpwing:
38 kV for cables with solid-type impregnated paper insulation;
63,5.kV for oil-filled and gas-pressure cables;
18V for butyl rubber insulated cables;
635KV for-EPR-insutated—cabtes:
6 kV for PVC insulated cables;
127 kV for PE (HD and LD) insulated cables;
127 kV for XLPE (unfilled) insulated cables;

Itis

63,5 kV for XLPE (filled) insulated cables.

not necessary to calculate the dielectric loss for unscreened multicore or DC cables.

the

els

the
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The dielectric loss per unit length of cable in each phase is given by:

Wy =wCUStans  (W/m)

where
w = 2xnf;
C is the capacitance per unit length of a cable (F/m);

Ug

is the voltage to earth (V).

Valles of tan 4, the loss factor of the insulation at power frequency and operating temperatirre,
are|given in Table 3.
Thg capacitance for cylindrical screens around circular conductors is given by:
2
=9 ¢ (F/m)
In| —
dC
where
g | is the permittivity of the vacuum = 8,854 -107"% FJm;
& is the relative permittivity of the insulation;
D, is the external diameter of the insulation*(excluding screen) (mm);
dg is the diameter of the conductor, including screen, if any (mm).
CL| is the length correction factor for,considering laying up cores. The calculation is givef in
Annex A.
Thg same formula can be used-for oval conductors if the geometric mean of the appropr{ate
major and minor diameters.is;substituted for D; and d.
Valles of ¢ are given_iniTable 3.
5.3| Loss factor.for sheath and screen (applicable to power frequency AC cables only)
5.31 General
Thg power loss in the sheath or screen (14) consists of losses caused by circulating currgnts
(/4] and eddy currents (),
thus:

=i+

The formulae given in this Subclause 5.3 express the loss in terms of the total power loss in
the conductor(s) and for each particular case it is indicated which type of loss shall be
considered. The formulae for single-core cables apply to single circuits only and the effects of
earth return paths are neglected. Methods are given for both smooth-sided and corrugated

she

aths.
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For single-core cables with sheaths bonded at both ends of an electrical section, only the loss
due to circulating currents in the sheaths shall be considered (see 5.3.2, 5.3.3 and 5.3.4). An
electrical section is defined as a portion of the route between points at which the sheaths or
screens of all cables are solidly bonded.

To consider the effect of different spacing of certain spans along the route, see 5.3.5

For cables with Milliken conductors, the loss factor should be increased to take account of the
loss due to eddy currents in the sheaths (see 5.3.6).

For|
ele
Req
of t

The
cal

Thg formulae given in this Subclause 5.3 use the resistance of thelsheath or screen af i
maximum operating temperature. The maximum operating temperature of the sheath or scr
is diiven by:

Osc = 0-(1°Rc +0,5Wg |y ¢°C)
where
Osc| is the maximum operating temperature-of the cable screen or sheath (°C).
Begause the temperature of the sheath or screen is a function of the current, I, an itera
method is used for the calculation,

The

a cross-bonded installation, it is considered unrealistic to assume that minor sections
ttrically identical and that the loss due to circulating currents in the sheaths is negligi
ommendations are made in 5.3.7 for augmenting the losses in the sheaths to take,acca
his electrical unbalance.

electrical resistivities and temperature coefficients of lead and aluminium, for use
ulating the resistance of the sheath Ry are given in Table 1.

resistance of the sheath-ar;screen at its maximum operating temperature is given by:

Ry = Rgo[ 1+ agg (0sc —20K) ] (Q/m)

where

RSO

are
ble.
unt

tive

is the*resistance of the cable sheath or screen at 20 °C per unit length of the cable (Q/m).

5.3

2 Two single-core cables. and three single-core cables (in trefoil formation).

sheaths bonded at both ends of an electrical section

For two single-core cables, and three single-core cables (in trefoil formation) with sheaths
bonded at both ends, the loss factor is given by:

, R 1
4 zi RV
1+(Sj
X
where
Rg is the resistance of the sheath or screen per unit length of cable at its maximum operating

temperature (Q/m);
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X is the reactance per unit length of sheath or screen per unit length of cable,
2 1077 In (éj (Q/m);
d
10) is 2 n x frequency (1/s);
s is the distance between conductor axes in the electrical section being considered (mm);
d is the mean diameter of the sheath (mm);
— for oval-shaped cores, d is given by ./ dy -4, where dy, and d,, are the major and
minor mean diameters respectively of the sheath or screen;
— for corrugated sheaths, d is given by 2 (D + Dy).
M = 0, i.e. eddy-current loss is ignored, except for cables having Milliken conductors when
J{ is calculated by the method given in 5.3.6.
5.3]3 Three single-core cables in flat formation, with regular transpeosition,
sheaths bonded at both ends of an electrical section
For|three single-core cables in flat formation, with the middle cable _eguidistant from the ouliter
cablles, regular transposition of the cables and the sheaths bonded-at.every third transpositjon,
thelloss factor is given by:
, R 1
1+[S]
X1
where
- - -7 35 S .
X1 is the reactance per unit length of sheath, 2010 ln{Zx/E(zj} (Q/m);
M = 0, i.e. eddy-current loss is ignored, except for cables having Milliken conductors when
J{ is calculated by the method given in 5.3.6.
5.314 Three single-core_cables in flat formation, without transposition,
sheaths bonded-at both ends of an electrical section
For|three single-core-cables in flat formation, with the middle cable equidistant from the ouiter
cablles, without trahsposition and with the sheaths bonded at both ends of an electrical sect|on,
thelloss factopfor the cable which has the greatest loss (i.e. the outer cable carrying the lagging
phgse) is given by:
2 2
R 0,25C 2R, Cp Cq X
yy =K |0 OB, 2RCPCatm 8)
RCIRs +Cp Rs+C§ ~3WR: +Cp)(Rs +Cq) |
For the other outer cable, the loss factor is given by:

iy = Fe 0,75C3 . 025C3  2RsCpCqXpm
Ro|R2+C3 R2+C3 3 (RZ2+C3)(R2+C3)

9)
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For the middle cable, the loss factor is given by:

. Ry C3
m :R_S Z—QZ (10)
C RS +CQ
In these Formulae (8), (9) and (10):
CP =X+ Xm
X,
CA=X- m
Q 3
where
X is the reactance of the sheath or screen per unit length of cable/for two adjacent single-
core cables, 2 w 10~7 In (%)(Q/m);
X, | is the mutual reactance per unit length of cable between, the sheath of an outer cable and
the conductors of the other two, when the “cables are in flat format|on,

2w 1077 In (2) (Q/m);
M = 0, i.e. eddy-current loss is ignored, except for )cables having Milliken conductors w
J{ is calculated by the method given in 5.3:6.

Ratings for cables in air should be based ori’the loss for the outer cable carrying the lagg
phgse.

5.3|5 Variation of spacing of single-core cables between sheath bonding points

For| single-core cable circuits (with sheaths solidly bonded at both ends and possibly
intgrmediate points, the circulating currents and the consequent loss increase as the spag
incleases, and it is advisable to use as close a spacing as possible. The optimum spacin
achlieved by considering both losses and mutual heating between cables.

It i3 not always possible to install cables with one value of spacing all along a route.
follpwing recommendations relate to the calculation of sheath circulating current losses whe
is njot possible)toinstall cables with a constant value of spacing over the length of one electr
ion. A_section is defined as a portion of the route between points at which sheaths o
cablles are-solidly bonded. The recommendations below give values for loss factors which af
to ther whole of a section, but it should be noted that the appropriate values of condu
resistarnce and external thermal resistance shall be calculated on the basis of the closest c3

nen

ng

at
ing
g is

The

n it
cal
all
ply
ctor
ble

spacing at any place along the section.

a) Where spacing along a section is not constant but the various values are known, the value

for X in 5.3.2, 5.3.3 and 5.3.4 shall be derived from:

Iy Xp Iy Xp o+ X

I 41y +..+1,

X

where

* *

Ia,lb...lr: are lengths with different spacings along an electrical section;
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X,

in 5.3.2, 5.3.3 and 5.3.4 where appropriate values of spacings sg,s,...5,
used.

2 Xp...X, are the reactances per unit length of cable, the relevant formulae being given

are

The proposed formula is an approximation. If more detailed results are required, the user
shall refer to IEC 60287-1-3. For mixed formations, that comprise flat and trefoil sections,

the user shall refer to IEC 60287-1-3.

b) Where in any section the spacing between cables and its variation along the route are not
known and cannot be anticipated, the losses in that section, calculated from the design

5.3

Wh
the

spacing, shall be arbitrarily increased by 25 %, this value having been found to

be

gppropriate for tead=sheathred HV Tabtes—Adifferentimcrease tam beused by agreene
it is considered that 25 % is not appropriate to a particular installation.

\Where the section includes a spread-out end, it is possible that the allowance in(b) will
be sufficient and it is recommended that an estimate of the probable spacing be, made
the loss calculated by the procedure given in a) above.

NOTE This increase does not apply to installations with single-point bonding or cross-bending (see 5.3.7)
6 Effect of Milliken conductors

bre the conductors are subjected to a reduced proximity effect,cas/with Milliken conduct

multiplying the value of J{, obtained from 5.3.7 for the same’cable configuration, by the fa

Cr

jiven by the formula:

2 2 2
o = A GGt n)

4 (Ghith) (GR+1)
where
R : , ,
Gl =CN S for cables in trefoil formation
and
R Ry . . , . .

Cuwl =——— and Gy =—-—~— for cables in flat formation with equidistant spacing.

X+Xn Yoo Am

3

Where the spacing/along a section is not constant the value of X shall be calculated
in $.3.5 a).
5.3]7 Single-core cables, with sheaths bonded at a single point or cross-bonded
5.3|7.1 Eddy-current losses

1t if

not
and

prs,

sheath loss factor A{ of 5.3.2, 5.3.3 and 5.3.4 cannot be ignered, but shall be obtained by

ctor

as

For single-core cables with sheaths bonded at a single point or cross-bonded the eddy-current
loss factor is given by:

R
M =—%|Cqs 70 (1+ M+ 4p) +
Rc

where

Cys

; 1,74
:1+[Di] (B Ds 1072 -1,6);

S
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drw
br=|—5—;
107 pg

is the electrical resistivity of the sheath material at operating temperature (see Table 1)

Ps

D

S

For

(Q m);
is the external diameter of the cable sheath (mm);

Doc + D

corrugated sheaths, the mean outside diameter +15 shall be used.

For|

For|
she

For|
edd

For|

(in

1)

2)

is the thickness of the sheath (mm);

= 2nf;

(ﬁ1ts )4

lead-sheathed cables, C,. can be taken as unity and ———~— can be neglected.
9 12x10'2

aluminium sheathed cables, it can be necessary for both terms_to be evaluated when
ath diameter is greater than approximately 70 mm or the sheath.is thicker than usual.

cables with a wire screen and an equalizing tape, or foil screen over the wires,
y-current losses are considered negligible.

mulae for 1y, Ay and A, are given below:

which: m =R£1O‘7, for m<0,1, A; and A, can'be neglected)

S

[Three single-core cables in trefoil formation:

m? d 2
0 :3[1+mzj(2_5]

j(0,92 m+1,66)

Aq=(114m>* & 0,33)(2i

N

Ay =0

Three/single-core cables, flat formation:

) centre cable:

the

the

A 0 86m3,08[ d j(1,4m +0,7)
1=Y 5

2s

A2=O
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